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i. 
SIM4ARY 
Washed cell suspensions of all methylobacteria tested were found 
to be capable of ethane oxidation. Acetate accumulated as the final 
product of ethane metabolism in all strains, with ethanol and 
acetaldehyde being intermediates in the pathway. Cell-free extracts 
were incapable of metabolising ethane. Ethane was not an acceptable 
substrate for growth, and no assimilation of C2 metabolites occurred 
in cell suspension experiments. 
The possibility of diethyl ether being an intermediate in the 
conversion of ethane to ethanol was investigated and rejected. The 
metabolism of diethyl ether by methylobacteria was shown to involve 
oxygenation at a terminal carbon position to yield ethacyacetic acid 
as the accumulated end-product. No diethyl ether was produced during 
ethane metabolism, although under certain circumstances a small 
accumulation of dimethyl ether accompanied methane oxidation. The 
probability of dimethyl ether being an intermediate in the pathway 
of methane oxidation was reviewed in the light of these findings. 
The likelihood of methane, ethane, dimethyl ether, and diethyl 
ether being oxidised by the same enzyme was considered. The 
oxidations of methane, diinethyl ether, and diethyl ether were 
concluded to be consistent with this hypothesis. The oxidation of 
ethane displayed certain inconsistencies with this pattern, the 
significance of which has been discussed. A stimulation of ethane 
metabolism by the simultaneous oxidation of certain C 1 and C2 metabolites 
was also observed, and its implications discussed. 
ii. 
In type II methylobacteria, C2 metabolism was found to be 
accompanied by the production of acetone, a process which appeared 
to be occasioned by the accumulation of acetate and reduction in pH 
which occur during C2 metabolism. Type II organisms also possessed 
an acetoacetate decarboxylase with a low pH optimum and a 
-hydroxybutyrate dehydrogenas., both of which appeared to be 
functional in the pathway leading to acetone formation. Neither 
enzyme was present in any type I strain examined. 
Poly--hydroxybutyrate was identified in suspensions of a 
representative type II organism harvested during exponential growth, 
while no such observation was made on a type I strain. This material 
was broken down under the same circumstances in which acetone 
production occurred, and was proposed as a likely source of precursors 
of acetone. The implications of these findings in the context of 
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NTROVCTION 
I . 
Msthylotrophs have been described by Colby and Zatman (1972) as 
those organisms which are able to grow non-autotrophically at the 
expense of carbon compounds containing no carbon-carbon bonds. The 
group thus includes utilisers of methane, methanol, and the methylated 
amines, all of whose major metabolic features have been reviewed 
recently by Quayle (1972). This thesis is presented as a study of 
certain aspects of the biochemistry of the methane-utilising methylo-
trophs, which are exclusively prokaryotic and for which the term 
methylobacteria has been coined by Phillips (1970). Until recently 
methane-utilising organisms appeared unique in their obligate 
aethylotrophy, being dependent on methane or certain of its presumed 
oxidation products as sole carbon and energy source. In fact, there 
are now indications that this concept of obligate methylotrophy may 
require extension to include organisms with no capacity for methane 
utilisation but an obligate growth requirement for methanol or 
methylated amines (Dahl St A1.9 1972; Colby and Zatman, 1972). 
Our present knowledge of methylobacterial biochemistry includes 
detailed information on many of the processes involved in growth on 
single carbon compounds, and permits a certain amount of speculation 
on the biochemical basis of obligate methylotrophy as displayed by 
these organisms. The present study has been undertaken in the 
belief that a greater understanding of the metabolism of ethane by 
met hylobacteria may to some extent enhance understanding of analogous 
processes in methane metabolism, in addition to improving on the 
superficiality of existing data on methylobacterial ethane oxidation. 
The isolation of methylobacteria and the basis of their taxonomy 
2. 
have been reviewed elsewhere (Quayle, 1972), and merit no more than 
brief mention here. Prior to 1970 our knowledge of the methylo. 
bacteria was derived principally from observations on Pseudomonas 
methanica (Dworkin and Foster, 1956), Methanomonas met hano-oxidans 
(Brown and Strawinski, 1958; Brown It Al., 1964), and Methvlococcus 
cansulatus (Foster and Davis, 1966), until the much acclaimed 
isolations of Whittenbury 91 ll.(1970b) introduced many more strains. 
The latter isolates were classified into five genera whose nomenclature 
conforms to the suggestion of Foster and Davis (1966) that the prefix 
'Methylo-' be assigned to the generic name of all methane-utilising 
organisms. The further division óf these isolates into types I and 
[I on the basis of their internal membrane arrangements (Whittenbury 
Al.,21 	1970a) has been confirmed by subsequent biochemical 
observations to which reference will be made in later sections. 
The following introduction principally comprises a review of C 1 
and C2 metabolism in methylobacteria and an assessment of the 
deficiencies in our understanding of these processes, some of which 
it is hoped have been made good during this project. 
While our knowledge of the pathway of methane oxidation is 
incomplete in many respects, the available information allows us to 
implicate methanol, formaldehyde, and formate as probable inter-
mediates in the pre-assimilatory pathway of methane metabolism. The 
following evidence is presented in support of the involvement of these 




The ability of methane-utilising bacteria to oxidise and utilise 
methanol is well documented, having been observed during the early 
characterisation of all strains so far described (Dworkin and 
1956; Brown &t g., 1964; Foster and Davis, 1966; Whittenbury 
Al.,21 	1970b). Evidence of methanol formation during methane 
oxidation is not wholly satisfactory. For instance Brown 	(1964) 
reported methanol accumulation in methane-oxidising suspensions of 
H. ethano-oxidans in the presence of iodoacetate, the accumulated 
methanol apparently accounting for some 70% of the methane metabolised. 
However, this result may merit some scepticism in view of the failure 
of Higgins and Quayle (1970) to repeat the experiment successfully 
with either P. methanicp or M. methano-exidans. Comparable lack of 
success has been experienced by workers in this laboratory 
(J.R. Mitton, personal communication). Higgins and Quayle (1970) 
were, however, able to effect a small accumulation of methanol at 
appropriate phosphate coicentrationa, pH values, and cell densities. 
The enzymology of methanol oxidation in methylobacteria is 
confused only by Barrington and Kallio (1960), whose failure to 
demonstrate methanol dehydrogenase activity in extracts of P. methanica 
led them to postulate a cata]ase-linked peroxidation of methanol in 
that organism. As pointed out by Johnson and Quayle (1964), the 
oxidation of methanol by 11202  in the presence of catalase was an 
unremarkable observation, irrelevant to a vivo methanol oxidation. 
Johnson and Quayle (1964) found extracts of P. met 
 
hanica to display 
methanol dehydrogenase activity which could be linked to the reduction 
4. 
of phenazine methosulphate and had a requirement for ammonium ions. 
They found a similar enzyme in the methanol-utilising organism 
Pseudomonas A1'41 • Patel and Hoar. (1971) showed methanol oxidation 
in M. capsulatus to be catalysed by a non-specific primary alcohol 
dehydrogenase similarly activated by ammonium ions and independent 
of pyridine nucleotides. This enzyme was purified (Patel 11 A1. 0 
1972) and appeared similar in these respects to that present in the 
methanol-utilising Pseudomonas sp. M27 (Anthony and Zatman, 1964, 
1965), although in the latter case the activator was ammonia (or 
inethylamine) rather than NH4 ions. Similar results have been 
reported by Davey (1971), who examined extracts of several of the 
isolates of Whittenbury Xt Al. (1970b) for methanol dehydrogenation, 
which was found in all cases to be an NAD-independent process 
requiring ammonium ions, and in which phenazine methosulphat. (Pt4S) 
and dichiorophenol indophenol (DCPIP) served as electron acceptors. 
Anthony and Zatman (1965) cited the inability of the alcohol 
dehydrogenase of Pseudomonas ap, tQ7 to transfer electrons to 
nicotinamjde nucleotides as a notable distinction between that enzyme 
and the alcohol dehydrogenases typically isolated from yeasts or liver. 
This distinction has been extended (Ribbons 	, 1970) to include 
the alcohol dehydrogenases of all C 1-utilising microorganisms as 
being unique in their NAD-independence and ammonium requirement. A 
survey of the literature suggests this to be a fair comment with the 
exception of the NAD-linked methanol dehydrogenase described by Kaneda 
and Roxburgh (1959) in the methanol-utiliser, Pseudozuongs sp. PRL-W4. 
The alcohol dehydrogenases of methane-utilisers have yet to be studied 
5 . 
as extensively as those of methanol-utilisers, which have been 
characterised in some detail with respect to structure and 
mechanism of action (Anthony and Zatman, 1967ab). Antigenic 
similarities between the alcohol dehydrogenases of certain methane- 
and methanol-utilising bacteria have been noted by Patel 	. (1973), 
However, the extent of structural similarities is not truly assessed 
in these studies. 
Formaldehyde oxidation has proved readily demonstrable in 
P. methanica, M. methano-oxidang, and M. caDsulatus (Dworkin and 
Foster, 1956; Brown jj Al., 1964; Patel 	1969). 	In the 
strains of Whittenbury &t J1. (1970b) it has been observed by Phillips 
(1970) and Davey (1971). Evidence of its appearance in methane-
oxidising cells is restricted to the experiments of Brown 21 &1. (1964) 0 
who described formaldehyde accumulation under the inhibitory influence 
of sodium sulphite in the case of M. methano-oxidaxis. Workers in this 
Laboratory have found this blocking agent to be so overwhelmingly toxic 
as to preclude the repetition of such an experiment (J.R. Mitton, 
personal communication). 
Reports on the enzymology of formaldehyde oxidation are variable, 
depending on the organisms studied. In methanol-grown P. methanica, 
Harrington and Kallio (1960) demonstrated a specific formaldehyde 
dehydrogenase linked to NAD and activated by glutathione. This 
report was later substantiated by Johnson and Quayle (1964), who 
further discovered P methanica to possess an aldehyde dehydrogenase 
of broader specificity, independent of NAD and for which DCPIP could 
6 , 
act as an electron acceptor. Clearly, these results are consistent 
with the observation that P. methanica can metabolise a range of 
primary alcohols to the carboxylic acid level (Leadbetter and Foster, 
1958). 
In contrast, the studies of Patel and Hoare (1971) on 
M. carsu1atus failed to reveal the presence of any enzyme whose 
specific function was aldehyde dehydrogenation. Formaldehyde was 
dehydrogenated however, and it appeared that both this process and 
methanol dehydrogenation were ammonium dependent, while this was only 
true of methanol dehydrogenation in P. methanica. In M. caDsulatus 
both processes occurred at similar rates over a range of pH values, 
and on the basis of this evidence the authors proposed that in 
H. caDsulatus, formaldehyde oxidation might be a function of the 
primary alcohol dehydrogenase. This property was later demonstrated 
in the purified enzyme (Patel al AL., 1972), and would explain the 
observation that methanol is the only alcohol metabolised beyond the 
aldehyde level by M. capsulatus (Patel tj al., 1969). 
Studying extracts of a variety of the isolates of Whittenbury gj AL. 
(1970b), Davey (1971) found formaldehyde and methanol dehydrogenase 
activity at similar levels, both processes being capable of linkage to 
PMS/DCPIP reduction. No MAD linkage or glutathione requirement was 
found. Davey (1971) claimed a distinction of these organisms from 
P. niethanica and a similarity to H. capsulatus in terms of the absence 
of non-specific aldehyde dehydrogenase activity and consequent inability 
to oxidise aldehydes other than formaldehyde. 
7 . 
Formate. 
The involvement of formats as an intermediate in the pathway of 
methane oxidation is supported by evidence which is perhaps more 
satisfactory than that concerning methanol or formaldehyde, in the 
sense that its detection in methane-oxidising suspensions of 
P. aethanica and M. methano-oxidans has been achieved without the use 
of blocking agents (Leadbetter and Foster, 1958; Brom a A1. 9 1964). 
These authors also demonstrated formats production by cells oxidising 
methanol or formaldehyde. They found a formate oxidising capability 
in the organisms studied, as have investigators of other methane- 
utilising strains (Patel Xt Al., 1969; Phillips, 1970). 
Formats dehydrogenases have been found in extracts of many 
methane-oxidising bacteria (Johnson and Quayle, 1964; Patel and }bare, 
1971; Davey, 1971) and methanol-utilising organisms (Kaneda and 
Roxburgh, 1959), and have invariably proved to be NAD- linked. Thus 
formate is the only product of methane oxidation whose metabolism is 
a source of reduced pyridine nucleotides. The significance of this 
situation will be assessed later. 
In summary, there is little doubt that C1 compounds at the 
oxidation levels of methanol, formaldehyde, and formate occupy inter-
mediate positions in the metabolism of methane to carbon dioxide. At 
a less superficial level, the organisation of this pathway has been 
the subject of considerable debate, as outlined below. 
Mechanisms in the initial oxidation of methane 
A certain amount of controversy has surrounded the first step in 
the oxidative metabolism of methane, the major arguments having been 
8. 
reviewed in detail by Quayle (1972). As described previously, it is 
accepted that methanol is an early, if not the first intermediate in 
the process, and authors taking the latter view have tended to argue 
in favour of one of the following systems, catalysed by an oxygenase, 
mono-oxygenase, or hydroxylase respectively. 
2CR4 + 02 	2CH30H 
CH4 + 
	+ XH2 	) CH30H + X + H20 
CR4 + H20 	4 CH30H + 2(H] 
The 018  labelling experiments of Higgins and Quayle (1970) showed 
that during growth of P. metbanica or M. methano-oxidans on methane, 
the oxygen content of the methanol formed was derived exclusively from 
atmospheric oxygen and negligibly from water. These observations 
substantiated the earlier work of Leadbetter and Foster (1959), and 
unequivocally preclude equation (3) in favour of either (1) or (2). 
Ribbons and Micha].over (1970) claimed success in the preparation 
of a cell-free extract from H. caDsulatus, which displayed methane-
stimulated NADH2 oxidase activity in a manner consistent with the 
mono-oxygenase (mixed function oxidase) scheme depicted in equation (2) 
where XH2 is a reducing agent, and analogous to mechanisms operating 
in the oxidation of higher alkanes (Peterson It al., 1967). This 
conclusion should perhaps be qualified by the fact that diligent 
efforts in this Laboratory to repeat the experiments of Ribbons and 
Michalover (1970) have not borne fruit (J.R. Mitton, personal 
communication). Indeed the report of Ribbons and Michalover (1970) 
remains unique in its description of cell-free methane oxidation, an 
unfortunate barrier to the development of much methy]obacterial 
9. 
biochemistry which was encountered on numerous occasions during the 
present project. 
Prior to the conclusive evidence of Higgins and Quayle (1970), the 
bydroxylase mechanism shown in equation (3) was advocated by Whittenbury 
(1969), whose argument was based largely on a comparison of cell yields 
from growth on methane and methanol. He found the former to exceed 
the latter and considered this to be indicative of an energy yielding 
transformation of methane to methanol, and inconsistent with the energy 
requirements of a process such as equation (2). one may sympathies 
with the point made by Quayle (1972) that Whit tenbury 's results may 
still be interpreted in terms of equation (2) by the invocation of an 
admittedly novel coupling of ATP synthesis to such a no-oxygenase 
system. The standard energy change for reaction (2) being -82.1 
kcal./mol., this proposition is at least thermodynamically feasible. 
Quayle (1972) offers an alternative explanation of the results of 
Whittenbury (1969) in terms of an energy-dependent uptake of methanol 
but not methane. While the hydroxylase scheme of Whittenbury ( 1969) 
should probably not be rejected on such speculative grounds, the 
results of Higgins and Quayle (1970) leave little doubt that the 
initial step in methane oxidation is effected by an enzyme of the 
oxygenase or mono-oxygenase type. 
The role of dimethvl ether in methane oxidation 
Recent studies in this laboratory have led to the proposal that 
diinethyl ether might be an early intermediate in the oxidation of 
methane (Wilkinson, 1971). This suggestion arose from the discovery 
by Bryan-Jones and Wilkinson (unpublished data) that dimethyl ether 
10. 
could be oxidised by methylobacteria and like methane or methanol, 
could serve as sole carbon and energy source. They also detected 
a small accumulation of dimethyl ether in cultures growing on 
methane but it should be noted that this accumulation was dependent 
on abnormal experimental conditions ( Wilkinson, 1971). It would 
appear that dimethyl ether formation was favoured by low oxygen 
levels (J.F. Wilkinson, personal communication), raising the 
possibility of an aberration of normal methane oxygenation under 
these circumstances. 
Wilkinson (1971) envisaged the formation of dimethyl ether from 
methane by a reaction of the following type.. 
2CH4 + 02 	CH3OCH3  + 1420 
The same author suggested that dimethyl ether might subsequently 
undergo oxidation in the following manner. 
CH30C113 + XH 	)- CH30H + CH 3X 
An implication of this argument was that the ensuing metabolism of 
compound CR3X might yield the energy required to resolve the con-
troversy discussed previously regarding the molar growth yields of 
Whittenbury (1969). 
However, a different situation is suggested by the recent work 
of Wilkinson and Mitton (in preparation), which has shown the 
production of methyl formate during di methyl ether oxidation by 
t4sthvloiaonas and Methvlosinus strains, with subsequent hydrolysis of 
the ester to methanol and formate. These observations have been 
interpreted in terms of the scheme set out in Fig. 1 (J.R. Mitton, 
personal communication; Davey, 1971) whereby r!iiethy1 ether is 
I 
pathway of methane 9 
(From Davey, 1971 and J.R. Mitton, personal communication). 
H20 
2CH4 	 ). 
NADH2 	HAD 
}OOH 












HCOOR or assimilation 
12. 
included as an intermediate in the pathway of methane oxidation. 
Fig. 1 is arguably an over-simplification, and raises several important 
points for this reason. Clearly, the envisaged loss of carbon from 
the main pathway by assimilation into cell constituents would prevent 
a cyclic regeneration of sufficient NADH 2 from formate dehydrogenation 
for the initial mono-oxygenase reaction. One may speculate on the 
possibility of this energy deficit being made good by derivation of 
energy from, say, methanol oxidation. While this is not an 
MAD-linked reaction, the implication of Ribbons 	. (1970) that 
formate oxidation is the sole source of utilisable energy in the 
pathway of methane oxidation seems somewhat premature. An 
unidentified Jj vivo equivalent of the PMS/DCPIP system used to study 
the reaction in cell-free situations could mediate such a conservation 
of the energy inherent in methanol oxidation. 
The results of Bryan-Jones and Wilkinson (unpublished data) 
is showed practically no incorporation of label from 0 into cells 
growing on dimethyl ether, apparently arguing against the attack of 
that compound by an oxygenase. However, Mitton and Wilkinson (in 
preparation) have now demonstrated incorporation of molecular oxygen 
into the methyl formate produced during dimethyl ether oxidation by 
cell suspensions, convincingly suggesting the opposite conclusion. 
According to Fig. 1, the results of Bryan-Jones and Wilkinson may in 
fact be consistent with those of Mitton and Wilkinson (in preparation). 
Any labelled oxygen introduced into methyl formate would follow the 
pathway to formate and ultimate loss as carbon dioxide, rather than 
participating in that half of the pathway leading to assimilation. 
12. 
There seems little doubt that if dlmethyl ether is truly an inter-
mediate in the pathway of methane oxidation, then methyl formate must 
be a subsequent intermediate. In this sense it is significant that 
Mitton and Wilkinson (in preparation) have been unable to detect 
labelled methyl formate during the oxidation of 4C-labe1led methane, 
using unlabelled methyl formate as a trap. Indeed, the case for 
dim ethyl ether being an intermediate has yet to be convincingly made. 
This being so, the significance of di methyl ether oxidation by this 
group of organisms requires considerable clarification, and in this 
respect certain results of the present project may be relevant, as is 
discussed in the appropriate section of this thesis. 
Cvt ochr omes of met hane-oxidis ma bacteria 
A preliminary spectral examination of methylobacterial cy -to-
chromes has been undertaken by Davey (1971), studying Methylomonas 
albus 8G8 and Methvlosinus txichot,oriuin OB38 as representatives of 
type I and type II strains respectively. He concluded that both 
strains possessed cytochromes of the , , and .2 types, while the 
type II strain also had cytochrom. ,. Having shown methane to be 
unique among C1 metabolites in the CO-sensitivity of its oxidation, 
Davey (1971) speculated on the possibility of the CO-binding cyto- 
chrome 2 being involved in the oxidation of methane. This proposition 
was encouraged by the work of Peterson (1970), whose results 
implicated an association of cytochrome q with hexane oxidation in 
Pseudoaonas oleOvorans, a process which is, perhaps significantly, 
catalysed by a mixed function oxidase. 
However, further studies in this area have hen pursued by Mitton 
14. 
(personal communication) who has been able to detect an & type cyto-
chrome in both strains. The demonstrable CO-sensitivity of this 
pigment would make it yet another candidate for involvement in methane 
oxidation. Should such an association be verified in this case, 
cytocbrome 2 might conceivably be relegated to the role of terminal 
electron acceptor, a function it has been knovsa to fulfill elsewhere 
(Chance, 1953), although the insensitivity of methanol oxidation to 
CO could be difficult to reconcile with such a situation. 
The necessity for such speculation is perhaps indicative of our 
present ignorance of the nature of methylobacterial cytochromes and 
their functions, a situation which suggests this area as a profitable 
one for exploration at the earliest opportunity. 
It became apparent in the studies of Leadbtter and Foster (1958; 
1960) that P. methanica had no capacity for growth on ethane, propane, 
or butane. This observation has also proved to be true in the case 
of M. caDsulatus (Foster and Davis, 1966), M. fliethano-oxidans (Brown 
Al. ,  1964), and the strains isolated by Whittenbury 	J. (1970b). 
In fact, the higher gaseous a]kanes have not been shown to support 
the growth of any methane-utilising bacterium with the possible 
exception of organism JCB5 ((yama and Foster, 1965; Perry, 1968). 
It is clear however, that gaseous n-alkanes other than methane can be 
metabolised to some extent by mathylobacteria, although comparatively 
few extensive reports are available in this area. 
15. 
[!f w Ir.  ! 
Ethane oxidation by the aethylobacteria appears to be widespread 
among the members of the group, athane being attached by non-growing 
suspensions of P. aethanica and H. cansulatus (Leadbett.r and Foster, 
1958; 1960) 9 and all the isolates of Whittanbury jj &I. (1970b) with 
one unexplained exception. Cultures of P. a.thanic* growing on 
methane are also capable of concomitant ethane oxidation (Leadb.tt.r 
and Foster, 1960), but while the latter experiment was supposedly 
undertaken with a view to increasing the yield of ethane oxidation 
products, no data are presented to permit comparison of the rates of 
ethane metabolism in the growing and non-growing systems. This is 
an omission of some importance, since a later review by Foster (1962) 
gives the impression that ethane is only metabolised by growing cells. 
The implications of this inconsistency are discussed in the following 
section on co-astaboli. 
The pathways by which the higher gaseous alkanes are aetabolised 
in methylobacteria have been most extensively studied by L.adbett.r 
and Foster (1960). They found that, unlike methane oxidation, 
ethane oxidation by suspensions cf P. methanAg& was accompanied by 
no carbon dioxide production in 	of that attributable to 
endogenous metabolism. Rth&iO1 and acetate were produced under 
these conditions, and when growing cSU.s were incubated with ethane, 
acetaldehyde was also identified. All these compounds became 
labelled when 4C-ethane was used. In an earlier communication, 
L.adb.tt.r and Foster (1958) found that resting suspensions of 
P. methanica could oxidise ethanol to acetate, but that acetate could 
ló. 
not be oxidised. Ci the basis of such evidence Leadbetter and 
Foster (1960) concluded that ethane was metabolised in that 
organism only to the level of acetate, via ethanol and acetaldehyde. 
In M. caosulatus C2 metabolism appears to be more restricted, 
proceeding no further than acetaldehyde which, like acetate, cannot 
be oxidised by this organism (Patel 	1969; Patel and Hoare, 
1971). Whittenbury f& al. (1970b) found that ethane metabolism in 
their strains gave rise to acetaldehyde, but did not state whether 
the pathway ended at that point, although the results of Davey (1971) 
suggested formaldehyde to be the only aldehyde oxidised by these 
strains. 
In the ethane-utilising organism Mvcobacteriva oaraffinicum, it 
has been suggested (Davis 11 al., 1956) that ethylene might be a 
metabolic intermediate between ethane and ethanol, although the 
evidence presented must be regarded as circumstantial. Leadbetter 
and Foster (1960) were able to show that this is certainly not the 
case in ethane metabolism by methylobacteria. When deuteroethane 
(CD3CD3 ) was oxidised by P. methanica, the integrity of the CD3 -
group was maintained in the acetaldehyde and acetate formed, there 
being no transformation to CD2H- as would be expected if the 
deuteroethane had undergone a dehydrogenation to ethylene. 
Thus the oxidation of ethane by mathylobacteria would appear to 
follow a pathway essentially analogous to that of methane oxidation, 
although curtailed to varying degrees depending on the organisms 
studied. The broad specificity of methylobacterial alcohol 
deiyd.roeiases has ioeexi ientioed in a previous sec -16- ion. 	However,  
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sufficient data are not available to allow more than speculative 
debate on the intuitively attractive proposition that all the gaseous 
alkanes might be acceptable substrates for the same enzyme. While 
it can be shown that the presence of ethane has an inhibitory effect 
on the growth of methylobacteria on methane, (Leadbetter and Foster, 
1960; Whittenbury et al., 1970b), and that all the higher gaseous 
alkanes markedly impair methane oxidation (Whittenbury 	1970b), 
there is no satisfactory evidence to show whether these effects are 
due to competition between substrates for acceptance by one enzyme 
rather than several., or to the presence of inhibitory oxidation 
products of ethane, propane, and butane. 
In view of the role suggested for dimethyl ether in the pathway 
of methane oxidation (Wilkinson, 1971) the possibility of a comparable 
role for diethyl ether in ethane metabolism is clearly a question of 
some importance. While Wilkinson (1971) mentioned the ability of 
methylobacteria to oxidise diethyl ether, the literature contains no 
account of the manner in which this compound is metabolised by these 
organisms. However, the utilisation of diethyl ether by soil 
bacteria has recently been described by Heydeman (1973), who found 
members of the groups Corvnebacteriun, Mycobacterium, and Nocaxdia 
to be capable of growth on this compound, with ethanol and acet-
aldehyde being detectable products of diethyl ether metabolism. 
Cell-free extracts displayed an ether dependent uptake of oxygen, 
exclusively in the presence of reduced pyridine nucleotide, possibly 
implicating a mono-oxygenase in the initiation of diethyl ether 
metauolism. 	Coiizrnent will be made later on the relevance of these 
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observations to the present study of methylobacteria. 
Jensen (1963) coined the term 'co-metabolism' to describe a 
situation in which a microorganism is able to metabolise a compound 
without having the ability to utilise any resultant products for 
growth. As detailed by Horvath (1972), such processes are 
commonplace in the microbial world, and in the view of the latter 
author may take either of the following forms. 
Concomitant oxidation of a non-growth substance during growth 
on a utilisable carbon and energy source. 
Oxidation of non-utilisable substrates by resting cell 
suspensions. 
Horvath (1972) suggests that the term co-metabolism (or co-oxidation) 
is applicable to both situations, while a different view is taken 
by McKenna and Kallio (1965), who consider the two cases to be 
fundamentally different, and reserve the term co-oxidation for 
category (1). 
As mentioned previously, the oxidation of ethane by methylobacteria 
undoubtedly occurs under both circumstances, and therefore although 
it has been referred to as co-oxidation by Foster (1962), this should 
not be interpreted in the strict terms of McKenna and Kallio (1965), 
but rather in terms of the more general definition advocated by 
Horvath (1972). 	Indeed, if the conditions of category (1) imply 
that metabolism of the compound in question should actually be 
dependent on growth, then the inclusion of ethane oxidation by 
methylobacteria in this category is unjustified. While the point is 
perhaps academic, a perusal of much of the literature on methylo- 
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bacteria reveals this to be the source of considerable misunderstanding 
as regards the circumstances under which ethane oxidation takes place, 
and resultant misconsept ions about the nature of the process itself. 
While the co-metabolism concept as defined by Horvath (t972) appears to 
describe a clearly defined microbial process, a few modifications may 
be useful. Category (1) should perhaps be extended to include 
situations in which compounds are co-metabolized in connection with 
the oxidation of normal growth substrates by non-growing cell 
suspensions. Furthermore, the failure of co-metabolic products to 
be assimilated may be a concept worthy of modification, to accoiwodate 
cases in which no assimilation occurs under the conditions of 
category (2), but products of the same compound are incorporated into 
cell constituents during the growth conditions of category (1). This 
point is made in view of the finding by Leadbetter and Foster (1960) 
that ethane could be assimilated to some extent during growth of 
P. methanica, while no literature suggests this to be the case during 
ethane oxidation by resting cells. 
Many instances of co-metabolism in other microorganisms are 
outlined by Horvath (1972), who comments on the value of co-metabolism 
as a biochemical technique. The tendency of co-metabolic products to 
accumulate has proved useful in the elucidation of pathways and 
mechanisms involved in the microbial, breakdown of various important 





'ctabo1ism by virtue of the expected accumulation and slow turnover of 
intermediates. 
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Ethane oxidation in industrial fermentations 
The potential of co-metabolism in industrial fermentations has 
been stressed by Foster (1962), who envisaged the large-scale 
conversion of non-growth hydrocarbons by organisms growing on 
relatively cheap substrates. Conversely, the co-metabolic products 
of ethane oxidation in natural gas fermentations are more likely to 
be undesirable (Wilkinson, 1971). In spite of such problems, one 
may presume natural gas to be an economically preferable substrate 
to pure methane in these situations. Wilkinson (1971) has suggested 
a possible solution in the use of mixed cultures of methane and 
ethane utilising organisms. The successful coexistence and growth 
of these different types on natural gas in natural environments 
(Adamee 91 A1. 0 1972) may be encouraging in this respect. 
An alternative solution is presented by advocates of the 
production of fungal protein from natural gas. For instance, a 
GraDhium species is known which grows on natural gas, utilising ethane 
and other higher gaseous alkanes while methane is co-oxidised to 
unspecified products (Zajic 	1969; Volesky and Zajic, 1971). 
While numerous fungi with this property have recently been isolated 
(Davies jqt al., 1973), the advantages of such a system seem doubtful 
in view of the generally low ethane content of natural gas compared 
with methane content. 
Studies specifically concerned with ethane-utilising micro-
organisms have been infrequently reported in the literature, and have 
chiefly been restricted to isolation studies and determinations of 
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general growth characteristics. Ethane utilisation has been ascribed 
to the bacterial genera Mvcobacterium, Plavobact.riva, 1  
flr.vibact.rium, t4ocard.ta, and Corvn:t.riuj* (Davis &I i. • 1956; 
Dworkin and Poster, 1958; Ocyama and Poster, 1965; Perry, 1968; )4cLs, 
1969). Pungal ethane utilisation also occurs, as show by the early 
report of Dworkin and Poster (1958) and the recent work of Volesky and 
Zajic (1910) 'ind Davies t&  AL. (1913). A certain amount of circumstant-
ial evidence Implicates ethanol, acetaldebyd., acetate, and carbon 
dioxide as products of ethane oxidation, with ethylene also being 
proposed as an intermediate on the unsound basis of its oxidation by 
suspensions of some ethane utilisers (Davis jL& j., 1956; Dworkin and 
Poster, 1938; McLee, 1969). Growth on complex media appears to be a 
con ability among ethane utilisers, with the ex aption of the 
Mm%ANWtXjA= studied by Davis Lt A. (1956), which had a requirt ,zent 
for hydrocarbon substut.s. 
As stated pr.vously, ethane utilisation is not a property normally 
associated with aethylobacteria. None the less, the existence of 
bacteria with the capacity for growth on both methane and etbane has 
been reported, notably in strain J(E3 (Ooyama and Foster, 1965; Perry, 
1968). 	iuch a combination of essentially heterot -ophic behaviour with 
methane utilisation is an extraordinarly observation, but might profit-
ably be investigated more extensively and confirmed in other 
laboratories before meriting citation as an instance of facultative 
methane utilisation. On the whole it would seem that the sparse 
on microbial .thane utilisation has little to contribute 
t e t ), I.s study of met hylobacterial ethane oxidation, the latter process 
eing an aspect of the obligate methylotrophy practised by these 
organisms. 
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The metabolism of propane and butane by metbylobacteria is not 
extensively documented, and confusion regarding the conditions under 
which these compounds can be oxidised is undoubtedly due to Lcadbetter 
and Foster (1960). While the siamtnry of their communication states 
categorically that propane and butane are metabolised only by growing 
cells of P. jetj x4c, another section gives details of the detection 
of oxidation products of both compounds in non-growing suspensions 
incubated under propane-air and butane-air atmospheres. While 
reviewers such as Quayle (1972) have tended to stress the former part 
of this peculiar contradiction, the results presented by Leadbetter 
and Foster (1960) clearly indicate that like ethane, propane and butane 
can be oxidised by both growing and non-growing cells of P. ethanica. 
Reports of propane and butane oxidation by other methylobacteria 
are comparatively scarce. Propane oxidation by suspensions of 
M. caDsulatus has been reported by Foster and Davis (1966), who did not 
discuss the possibility of butane oxidation by that organism. 
Whittenbury et al. (1970b) made no comment on the ability of their 
isolates to metabolise either propane or butane, and other authors 
are equally non-committal. 
Leadbetter and Poster (1960) found that cultures of P. methanica 
oxidising propane or butane yielded propionic or butyric acid 
respectively. Cells incubated with propanol or butanol did likewise 
(Leadbetter and Foster, 1958). Like acetic acid, neither propionic 
acid nor butyric acid could be oxidised. However, absolute analogy 
with C2 metabolism was prevented by the formation of acetone in the 
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cultures incubated with propane. Labelling experiments showed the 
acetone to be a true metabolic derivative of propane, and it also 
turned out that butane was being converted to 2-butanone (ethyl methyl 
ketone). The non-interconvertibility of acetone and propionic acid 
was demonstrated. 
This formation of methyl ketones from propane and butane could 
well be taken to indicate the presence of enzymic apparatus for sub-
terminal oxidation of the higher gaseous alkanes in addition to a 
system recognising and attacking terminal methyl groups. While sub- 
terminal alkane oxidation has been described in numerous micro-organisms 
(Markovets, 1972), the presence of apparatus specifically for this 
purpose is not readily explicable in an obligate methylotroph. 
Leadbetter and Foster (1960) suggested the number 2 carbon atom as the 
principal site of attack under normal circumstances, giving rise to a 
free radical hyperactive at that position. Ensuing equilibrium 
between free radicals activated at the terminal and sub-terminal 
carbon atoms would permit, on oxygenation, the formation of both 
terminal and sub-terminal oxidation products. Once more, one may 
regard with some scepticism the role of such a mechanism in the normal 
life processes of an organism adapted to growth exclusively on single 
carbon substrates. 
X fac , these ohst?rvatins by Iadbtte at F'o; r (1900) 
Hiy dva tich C0rd1LCt wi .h tho 	 that the 
higher gaseous alkanes are metabolised fortuitously by courtesy of 
the enzymes of the m&?thalle oxidation pathway. 
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It has long been apparent that the assimilation of carbon derived 
from methane oxidation does not follow the autotrophic pattern of 
incorporation at the level of CO  via the ribulose diphosphate pathway. 
This fact was first noted by Leadbetter and Foster (1958), who found 
that incorporation of label from 4CO2 into F. methanica during growth 
on methane was insufficient to account for total derivation of cell 
carbon from CO  fixation, which appeared not to exceed that occurring 
in heterotrophic organisms. Johnson and Quayle (1965) found no 
labelling of phosphorylated compounds during incubation of the same 
organism with 4C-bicarbonate. Nor could they detect carboxy-
d.tsmutase activity, a prerequisite for true autotrophic CO2 fixation. 
Johnson and Quayle (1965) proceeded to show incorporation of label 
from 
14  C-methane and '4C-methanol into phosphorylated hexoses by 
P. methanica, and Kemp and Quayle (1967) localised this incorporation 
at the level of formaldehyde or a derivative thereof, eliminating 
formate as a source of assimilable carbon. Kemp and Quayle (1967) 
also characterised formaldehyde incorporation as a specific con-
densation of formaldehyde with ribose 5-phosphate giving rise to a 
six-carbon unit tentatively identified as allulose 6-phosphate, 
followed by epimerisation to fructose 6-phosphate. The data 
obtained by Kemp and Quayle (1966; 1967) enabled them to postulate 
the allulose pathway of carbon assimilation outlined in Fig. 2, a 
novel pentose phosphate pathway modification unknown in non-
methylotrophs. In fact, subsequent investigations by Kemp (1972) 
have differentiated the actual condensation product from allulose. 
3 Ribose 5-P 
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However, the studies of Lawrence et al. (1970) suggested that the 
allulose pathway might not be common to all methane-utilizing bacteria. 
Thus, while M. caDsulatus displayed features characteristic of the 
enzymology of carbon assimilation by this method, this was not true of 
M. methano-oxidans. Carbon assimilation in the latter organism 
resembled in some respects the serine pathway described in Pseudomona.s 
AM1 (Large and Quayle, 1963), a methanol-utilizing strain. These 
studies were extended by Lawrence and Quayle (1970) to allow comparison 
of carbon assimilation in a variety of obligate methylotrophs, using 
the presence of hydxoxypyruvate reductaae or hexose phosphate synthase 
as indicators of assimilation via the serine or allulose pathways 
respectively. The results of this investigation showed the exclusive 
operation of the allulose pathway in type I strains and the serine 
pathway in type II strains. These results were substantiated by 
Davey (1971), who found type I organisms to possess enzymes relevant 
to the regeneration of ribose 5-phosphate from allulose, which were 
not demonstrable in type II strains. 
Extensive characterization of the serine pathway's constituent 
reactions has been performed by C'uayle and his co-workers, principally 
on the methanol utilizing Pseudomonas AMl,an( reported in a series of 
communications whose contents have been reviewed in depth by Quayle 
(1972). In essence the pathway comprises a hydroxymethylation of 
glycine to serine by interaction between glycine and a C 1-tetrahydro-
folate unit generated from tetrahydrofolate and a C 1 metabolite. 
Serine then undergoes a series of reactions from which cell constituents 
are cerived, arid which is outlined in Fig. 
Fig. 3. Synthesis of cell constituents f rom C compounds vT-M ~:z 



















Harder and Quayle (1971) have shown glyoxylate to be the 
immediate precursor of glycine, and cleavage of nialyl-00A has been 
implicated in the net synthesis of the glyoxylate required for this 
process in various methylotrophs (Salem et al., 1973). 
That our knowledge of the pathways of C 1 assimilation in methane-
oxidising bacteria is by no means complete is perhaps demonstrated by 
observations such as those of Eccieston and Kelly (1973). They have 
suggested that assimilation of single carbon compounds in M. cavsu1atu 
may occur to some extent at levels more reduced than formaldehyde, a 
proposal prompted by variations in labelling patterns resulting from 
assimilation of different C 1 metabolites. Their results also implied 
a contribution by formats to carbon assimilation. 
While ethane and its oxidation products are not acceptable to 
mathylobacteria as sole carbon and energy sources, there is evidence 
that during growth on methane, a capacity does exist for the 
assimilation of C2 compounds. This was first apparent from the 
results of Leadbetter and Foster (1960), which showed incorporation of 
label from 4C-ethane into cell material of F. methanica simultaneously 
growing on methane. The amount of incorporation was not large, with 
around 7% of the metabolised label appearing in cell material and 
mucoid material'. 
Assimilation of C2 compounds has been rather more extensively 
studied in M. capsu].atus. Patel j al. (1969) showed incorporation 
of label from 4C-acetate by cultures growing on methane, into Lipid 
and four amino acids, namely glutamate, proline, arginine, and leucine. 
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Assimilation of this type is said to be strictly dependent on methane 
or methanol oxidation (Hoare 11 ., 1970). The same four amino acids 
became labelled in experiments with M. caosulatus by Eccieston and 
Kelly (1973), who obtained similar labelling patterns in cells 
r)resented with either 4C-ethano1 or 4C-acetate. This imt,lied an 
ability to generate acetyl CM in either case, and the ability to 
introduce it into a TCA cycle, incidentally suggesting ethanol 
oxidation to be more extensive than the transition to acetaldehyde 
found in this organism by Patel at Al. (1969) and Patel and Hoare (1971). 
The amount of C2 assimilation in the studies of Eccieston and Kelly 
(1973) was considerable, with some 91% of the label from 4C-ethanol 
appearing in cell constituents. 
Thus the apparatus for assimilation of compounds above the single 
carbon level is undoubtedly functional in obligate znethylotropbs, and 
their inability to utilise such compounds becomes a question of some 
importance. Assimilation of two-carbon compounds has been detailed 
separately as an aid to comparison of methane and ethane metabolism. 
It is, hover, but one aspect of the phenomenon of obligate metbylo-
trophy, and raises the important question of the biochemical basis for 
the unacceptability of organic molecules other than methane and methanol 
as growth substrates for this group of organisms. Such are the major 
considerations of the following section, which is presented as an 
assessment of the status of obligate methylotrophy from various 
viewpoints, in the light of the literature so far reviewed. 
30. 
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A consideration of the characteristics of obligate methylotrophy 
prompts comparison with the fastidious mode of life of obligately 
autotrophic micro-organisms. Autotrophy implies the ability of an 
organism to satisfy its energy requirements by ]ithotrophic means, 
that is, by the oxidation of inorganic compounds, and to derive its 
cell carbon exclusively from carbon dioxide. Inflexibly interpreted, 
this definition clearly has no place for obligate methylotrophs with 
their rigid dependence on reduced carbon compounds as a source of 
energy and carbon. Nevertheless, similarities do exist between 
methylotrophy and autotrophy, and an assessment of their significance 
provides an interesting area for speculation. 
Distinctions between obligate and facultative autotrophy are 
largely immaterial to the present discussion, and have been ably 
debated elsewhere (Rittenberg, 1972). However, the erosion which 
has been inflicted on the original dogmas of autotrophy laid down by 
Winogradsky (1890) is significant in so far as parallel modifications 
to the concept of methylotrophy highlight similarities between the two 
groups of organisms. The supposed inability of fastidious autotrophs 
to utilise exogenous organic compounds has been challenged by reports 
of the assimilation of sugars, carboxylic acids and amino acids by such 
organisms (Rittenberg, 1969). This comment may be equally applicable 
to obligate methylotropbs, which have only recently been shown to have 
a capacity for amino acid assimilation (Eccleston and Kelly, 1972a; 
1972b) and the incorporation of small organic molecules such as acetate 
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(Patel X1 AL. 0 1969; Eccieston and Kelly, 1973). Hoare 	(1970) 
found acetate assimilation in metbylotrophs to occur to the same limited 
extent and into the same cell constituents as in selected autotropbs. 
There are indications that the presence of the appropriate energy source 
may be a prerequisite for such assimilation in both cases (Hoare 
1970; London and Rittenberg, 1966). 
Inhibition of autotrophic growth by organic compounds is well 
documented (Kelly, 1971; Rittenberg, 1969), while Eroshin 11 Al. (1968) 
found M. capsulatu.s to be similarly affected. The inhibitory effect of 
amino acids on the growth of M. cansulatus has been further investigated 
by Eccieston and Kelly (1972a), who explained this phenomenon in terms 
of interference with biosynthetic pathways for amino acids, drawing 
attention to comparable situations in obligate chemolithotrophy (Kelly, 
1971; Vishniac, 1970; Lu ll Al., 1971). These observations lend 
support to the contention that toxicity of organic compounds to 
autotrophs and methylotrophs is attributable to interaction with systems 
also present in haterotrophic metabolism. 
Smith 21 al. (1967) cited the absence of a-ketoglutarate dehydro-
genase as a causative factor in obligate autotrophy, and the absence 
of this enzyme has been noted in certain methane-oxidising bacteria 
(Pate1J10 , 1969; Davey., 1972). 	Ribbons. (1970) have 
r'asr.ah1y rejected the suggestion of Patel 91 Al. (1969) that C 1 
in methylobacteria might be a consequence of this TCA cycle 
lesion on the grounds that multiple lesions would be required to account 
for the unacceptability of so many potential growth substrates. 	The 
r'c1- 	 If stra.j. 	i 	r;:::Tv:t 	this rost'ct. 
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The proposal of Smith &t Al. (1967) that the absence of NAEH2 
oxidase might be a biochemical basis for obligate autotrophy has been 
queried on grounds such as the subsequent detection of NADH2 oxidation 
in many autotrophic situations (Kelly, 1971). None the less the quest 
for parallels between autotrophy and methylotrophy has led to the 
question of NADH2 oxidation in methylobact.ria assuming exaggerated 
importance, and provoking premature conclusions. NADH2 oxidase 
activity has been demonstrated in a variety of methane-oxidising 
bacteria (Patel j 	1969; Ribbons ll al., 1970; Davey 
1972). Whether it is significant that substances are present in a 
cell-free extract which are able to accept electrons from NADH2 may 
be debatable. However, less sure ground has been trod by Davey 
(1972), who concluded that NAE*i2 oxidation is not linked to energy 
production in methylotrophs since it appears to be insensitive to 
inhibitors such as sodium cyanide and sodium aside. 	In theory, energy 
could be obtained under these circumstances from NADH2 oxidation linked 
to an electron acceptor of unknown identity and susceptibility to the 
inhibitors used. Indeed, NADH2 oxidation without the generation of 
useful energy seems highly improbable if only because this would 
preclude the derivation of energy from the breakdown of storage 
compounds such as poly-3-hydxoxybutyrate, which is known to occur in 
methylobacteria (Whittenbury pj A61., 1970a; Kallio and Harrington, 1960). 
One may reasonably share the view of Ribbons 11 Al. (1970) that the 
key to obligate xnethylotrophy probably lies in the energy conservation 
mechanisms of these organisms rather than deficiencies in their bio-
synthetic and assimilatory machinery. The evidence reviewed in this and 
the preceding section would suggest such deficiencies to be demonstrably 
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non-existent. However, our knowledge of energy metabolism in the 
methylobacteria is slight, and it might be wise to guard against the 
propagation of prematurely specific conclusions. Comparison with 
obligate autotrophy is a rather sterile exercise in this respect. 
The similarities which are evident between the two groups may rather 
be interpreted purely in evolutionary terms. 
From the foregoing, similarities can be seen between the obligate 
autotrophe and the type I aethylobacteria in terms of the fastidious 
nature of their growth requirements, lesions in intermediary metabolism, 
and the basic pattern of their major carbon assimilation pathways. 
Further similarities are apparent in the highly developed membrane 
systems of methane-oxidising bacteria (Proctor 11 j., 1969; Davies 
and Whittenbury, 1970; Smith 	, 1970; Smith andRibbons, 1970; 
de Boar and Hazeu, 1972) and autotropha (Murray and Watson, 1965; 
Pope Xt al., 1969; Shively al &1., 1970). 	It is interesting to note 
that the arrangement of these membranes in organisms such as 
Nitrosocvstis (Murray and Watson, 1965) bear marked similarity to 
methylobacterial membranes of the type I  formation, furthering the 
claims of these two groups to a coon evolutionary root • The 
possibility of methylobacteria having evolved from aimnonla -oxidising 
lithotrophic ancestoz has been discussed by Quayle (1972), who 
mentions the presence of both gases in the primeval atmosphere, and 
the small adjustment in enzymic complement required for transition 
from one form of life to the other. The arguments on which this 
proposition is founded seem entirely reasonable as reaards the type T 
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methane-oxidising bacteria. Quayle (1972) favours the derivation of 
type IT strains from type I ancestors, but the evolutionary gymnastics 
involved in transition to type IT metabolism are difficult to visualise. 
Adaptation towards methane utilisation by heterotrophic ancestors via 
facultative mathylotrophy at a later stage in evolutionary history seems 
a more palatable proposition for the appearance of type II organisms. 
From this comparatively brief review of the biochemistry of the 
methane-utilising bacteria, several points emerge. In certain areas 
of assimilatory and intermediary metabolism and in the enzymology of 
some stages of pre-assimilatory C 1 metabolism, the biology of obligate 
metbylotrophy has attained an advanced level. Two major areas of the 
subject remain enigmatic. The first is energy metabolism, whose 
implications have been stressed, and which includes the study of methylo-
bacterial cytochromes. The other clearly involves the mechanisms and 
possible intermediates participating in the initial conversion of 
methane to methanol. 
The metabolism of ethane by metbylobacteria is a small but 
neglected field whose cultivation may be of value not only in itself, 
but also to explorers of these other little known areas. It also 
constitutes the theme of the following report. 
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All strains studied were selected from the isolates of 
Whittenbury Xt &L. (1970b). Consistent with the majority of 
previous work in this laboratory, most attention was devoted to 
Methvlompnas albus BG8 and Metbvlosinus trichpsDoriuin 0B38. Other 
strains chosen for occasional study are detailed in the appropriate 
text. 
The nitrate mineral salts (NMS) medium described by 
Whittenbury Zt al. (1970b) was invariably used, supplemented after 
sterilisation with phosphate buffer at pH 6.8 as detailed by the 
same author. Where appropriate, medium was sterilised by auto-
claving at 15 lb/in2 for 15 minutes. 
Gases 
Methane (technical grade) was obtained from the British Oxygen 
Company Ltd., while ethane, propane, and butane were purchased at 
CP grade from Air Products Ltd. Helium and oxygen were products 
of the British Oxygen Company Ltd., as were the air, nitrogen, and 
hydrogen required for the operation of gas chromatograph apparatus. 
Carbon dioxide was obtained from the Distillers Company Ltd., and 
carbon monoxide and dimethyl ether from Matheson Gas Products. 
The purity of all these chemicals was such that no contaminating 
substances were revealed by the gas chromatograph systems used. 
Maintenance and growth of cultures 
Stocks of all strains were maintained as cultures growing on 
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NMS-agar slopes. These cultures were incubated continuously at 30 0  
in airtight polythene containers into which methane had been 
discharged from a football bladder, providing an atmosphere of air 
and methane in approximately equal proportions. At intervals of 
around ten days the stocks were subcultured, having been examined 
for contamination as judged microscopically and by testing for 
growth of contaminating organisms on nutrient agar. When used for 
initiation of growth in liquid medium, the most recently inoculated 
slopes which showed adequate growth were chosen. 
Growth of small volumes of liquid culture took place in 250 ml 
'Quickf it' flasks containing 25 ml NMS medium, inoculated either from 
slope cultures as described above or from exponentially growing 
liquid cultures. 	Into the necks of such flasks were inserted 
sterile rubber 'Subaseal' bungs, whose shape allowed the insertion 
of a cotton wool plug in the inner side of each bung. 25 ml of 
methane were injected by hypodermic syringe through these airtight 
seals prior to incubation at 300  on a rotary shaker set at 
approximately 200 rpm. 
The larger volumes of culture required in the preparation of 
cell suspensions were normally grown in 2 litre flasks, each of 
which contained 400 ml of NMS medium. Inoculation of these flasks 
was as described above. Into the neck of each flask was inserted 
a sterile rubber stopper pierced by a piece of glass tubing which 
was to serve as a methane inlet, and in which a cotton wool plug 
had been inserted to prevent aerial contamination of the flask 
contents. When the flasks were in position on a rotary shaker, a 
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football bladder inflated with methane was attached to the inlet to 
each flask. During the subsequent incubation at 30 0 and 200 rpm, 
the bladders of methane were suspended above the shaker, providing a 
constant source of methane for each culture. Incubation for two to 
three days under these conditions yielded cultures in the exponential 
phase of growth, which were routinely harvested for use in the 
preparation of cell suspensions as described below. 
For experiments in which particularly large quantities of 
material were required, cells were occasionally cultivated in a 
fermentor. A 10 litre vessel containing 8 litres of medium was 
used with an L.H. Engineering Company fermentor control system. Gas 
flow rates of 400 ml/min air with 100 ml/min methane proved to be 
suitable, as did a stirring rate of 230 rpm. The cells produced 
by this method were harvested during exponential growth, at a stage 
achieved within 24 hours of inoculation with 400 ml of flask-grown 
culture. No antifoam addition or pH control were necessary. 
Prer,aration of cell susenejons 
Liquid cultures grown as described above were harvested by 
centrifugation at 10,000 g for 15 minutes. For the preparation of 
a suspension it was normal practice to harvest four to six 400 ml 
batches of flask-grown culture, although these amounts were varied 
as required. The pellets derived from this initial centrifugation 
were resuspended in about 200 ml of NMS medium. A further 
centrifugation at 10,000 g yielded a pellet which was finally 
suspended in NMS medium to give a suspension with an optical density 
between 100 and 200 at 610 wn. The temperature of centrifugation 
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was maintained at approximately 50, and the suspensions were kept on 
ice until being used. Unless otherwise stated, experiments 
involving these washed cell suspensions were always carried out 
within twelve hours of harvesting. 
Experiments with cell susDensipns 
To ensure comparability of results, the majority of experiments 
involving cell suspensions were standardised as follows. Unless 
otherwise stated, the amount of cells added to the incubation mixture 
was 1 ml of a suspension with an optical density of 100 at 610 nm. 
In the case of both M. albus 808 and M. trichostorium OB3B, this 
corresponded to a dry weight of 50 mg. The remainder of the 
incubation mixture comprised the required substrates and reagents 
dissolved in NMS medium to give a total volume of 5 nil. Experimental 
incubations took place in 25 ml round-bottomed 'Quickf it' flasks, 
sealed with rubber 'Suba-seal' stoppers. Prior to any experiment, 
all components of the incubation mixture except the cells were added 
to such a flask, and held for ten minutes at incubation temperature. 
The experiment. - began when the cells, the temperature of which had 
been similarly adjusted, were added by injection through the rubber 
stopper. 
Totally soluble substrates were normally present at a final 
concentration of 10 mM, added as 0.5 ml of a 100 mM solution. The 
exception was diniethyl ether which, although a gas at room temperature, 
is sufficiently soluble in water to give concentrations up to 7%. It 
was therefore injected into the reaction vessel as a gas in an amount 
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(50 p moles) which would give a 10 mM solution assuming complete 
solubility of this amount. In experiments with gaseous substrates, 
the required amount was normally injected into the 25 ml vessel 
described above, giving an atmosphere containing the substrate in 
mixture with air. The volumes involved were large enough (1-2 ml) 
to permit considerable accuracy in this procedure. However, 
experiments arose in which the relative amounts of oxygen and carbon 
monoxide in the reaction atmosphere werecritical, and where the volume 
of carbon monoxide required in each flask was too small to be 
delivered individually with any accuracy. In these cases, a 50 ml 
mixture of oxygen and carbon monoxide in the desired proportions was 
prepared by displacement of water from a 250 ml water-filled flask. 
The required amount of this mixture was then added to the 25 ml 
reaction vessel which had previously been flushed with nitrogen. 
During flushing the flask contained a volume of NMS with buffer which 
exceeded that required in the subsequent experiment by the volume of 
gas to be added. The excess liquid was displaced during this 
addition. 
After the addition of cells to initiate a reaction, flasks were 
shaken on a Griffin and Tatlock 'Microid' flask shaker in a constant 
temperature room at 300. Samples were withdrawn periodically for 
analysis as described later. The above procedure was followed in 
all experiments on the metabolism of alkanes, ethers, and proposed 
products thereof, with minor variations as detailed in the relevant 
text. Other methods involving cell suspensions, such as those using 
manometric techniques, are described elsewhere in this section. 
Gas chromatography 
This was undoubtedly the most extensively utilised technique in 
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this study, being employed in measurements of rates of metabolism of 
gaseous substrates and substrates in solution, in the identification 
of reaction products, and in monitoring metabolic sequences. 
Apparatus 
Being based on the measurement of thermal conductivity of gases, 
detection by katharometer was chosen for methane, ethane, propane, 
butane, oxygen, carbon dioxide, and helium. The apparatus used was 
the Pye-Unicam Series 104 katharometer isothermal chromatoçjraph 
(Model 34). Flame ionisation methods could have been used for the 
gaseous alkanes, and would have provided greater sensitivity. However, 
it was convenient to have simultaneous detection of alkanes and the 
other gases mentioned above, whose lack of combustibility precluded 
their detection by this method. The difference in thermal conductivity 
between nitrogen, which was the carrier gas, and the gases being 
measured proved sufficient for adequate sensitivity. Thus it was 
not considered necessary to use hydrogen as carrier, which would have 
provided even greater sensitivity since the lower hydrocarbons have 
thermal conductivities far closer to that of nitrogen than that of 
hydrogen (Kauleman., 1959). Details of the conditions under which 
these substrates were detected and measured are contained in the 
following pages. Similar details are given for flame ionisation 
detection (FID) methods, which proved useful in the assay of various 
organic compounds in solution. The apparatus used was the Pye-Unicam 
Series 104 heated dual flame ionisation detector programmed 
chromatograph (Model 64). Temperature programming was not required 
in any of the analyses carried out, which was fortunate in view of 
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the better reproducibility of quantitative data obtainable with 
isothermal operation. 
Gaseous samples taken from the atmosphere of reaction vessels 
were withdrawn by means of a gas-tight syringe inserted through the 
rubber stopper. The sample size was always 200 01. This volume 
was fount- to be large enough to permit measurement of the constituent 
gases on injection into the k&tharometer. It was not large enough 
to cause a change in pressure within one column, which can give rise 
to a disturbance in the recorded baseline. Liquid samples for FID 
analysis were withdrawn with a 10 p.1 microsyringe. The volume 
injected into the column was 2.5 01, which gave repeataLe results 
with little base line interference, and was also chosen for the sake 
of consistency with technique used previously in this laboratory. 
Where cell suspensions were analysed, the appropriate volume of 
whole suspension was injected. 
Detection and measurement of 4Jes. 
1. Methane, ethane, oxygen, CO 2 , and helium. 
A single katharometer system was developed for the rapid 
detection and measurement of all these gases. A 9 ft glass column 
packed with silica gel (80-100 mesh) was used, through which the flow 
rate of carrier nitrogen was 30 ml/min. The katharometer oven 
temperature was 1400. Fig. 4 shows the trace obtained on injection 
of a 200 p.1 sample from a 25 ml flask containing air aid supplemented 
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the signal was x20. Identification of the peaks was by comparison 
with those obtained from injection of individual gases. The role of 
helium in this mixture will be explained later. It will be observed 
from Fig. 4 that the sample had passed through the system within 
5 minutes, permitting regular sampling at intervals of that duration 
during experiments. Helium, oxygen, and methane gave practically 
single line signals, and the peak heights were taken to be 
proportional to the amount of each compound present in the sample. 
In the case of CO2 , the relatively broad peak necessitated measurement 
of area rather than height. Although ethane did not give a single 
line response, the base of the peak remained constant throughout all 
experiments, permitting peak height to be used as a measure of quantity. 
2. Propane and butane. 
The katharometer conditions described for the detection of methane 
and ethane were not entirely satisfactory for the higher alkanes. 
Under these conditions, peaks corresponding to propane and butane 
were obtainable, but these compounds had retention times of 5 and 
15 minutes respectively. The form of the peaks was also rather 
unsatisfactory, with a tendency to excessive breadth. Both 
retention time and peak shape were improved by anicrease in the 
katharometer oven temperature to 2000,  while all other conditions 
remained as detailed for detection of the other gases. Fig. 5 shows 
the trace obtained on injection of a 200 1.Ll gas sample taken from a 
25 ml flask whose air content had been supplemented with 1 ml each 
of propane and butane. 	The o'itput attenuation was xlO. 
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Known volumes of gaseous substrates were added to reaction flasks 
containing no cells, and samples were taken for katharometer analysis. 
From the results, peak heights obtained in subsequent experiments 
could be converted to moles of the compound in question. However, 
direct measurements of this type could not be used during 
observations on the disappearance of gaseous substrates, since such 
measurements express changes in gas proportions rather than changes 
in absolute amounts. For instance during methane oxidation, 
alterations in the methane content of samples would be due not only 
to a decrease in the proportion o methane in the atmosphere, but also 
to an increase in the proportion of CO  and a decrease in the 
proportion of oxygen. To overcome this problem, 1 ml of helium was 
included in the atmosphere of reaction flasks. The factor by which 
the helium peak height in a sample taken during an experiment had to 
be multiplied to make it equal to the helium peak at the start of the 
experiment was used to make the same adjustment to the other peak 
heights obtained from the sample. These corrected peak heights 
were used in the calculation of rates of gas uptake or production. 
The detection of organic solutes was achieved by flame 
ionisation detection under a variety of conditions. The conditions 
(particularly temperature) used for the detection of any one compound 
could be varied to some extent to g000id*te other compounds present, 
whose requirements were slightly different. When compounds involved 
in one experiment could not be conveniently assayed under the same 
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conditions, use was made of two chromatograph.. Thus the systems 
described below were suitable for the mixtures of compounds detailed 
here, but subject to adjustments in temperature to alter individual 
retention times as required. 
1. Acetaldehyde, ethanol, acetone and ac -?tate. 
A 5 ft colurin packed with Porapak Q (80-100 mesh, Phase 
Separations Ltd.) was used at 175 ° with a carrier flow rate of 
30 ml/min nitrogen. Under these conditions the trace in Fi'. 6 
was obtained on injection of 2.5 .d of a solution containing each 
compound at a concentration of 10 mM. The output attenuation was 
X50. As rig.  6 shows, ethanol, acetaldahyde and acetone gave 
relatively sharp peaks of regular proportions, while acetate had 
what was found to be a characteristically broad trailing peak. The 
difficulties involved in the determination of acetic acid in aqueous 
solution have been encountered elsewhere (Wills, 1972; Baker, 1966). 
The latter author found acetate to be readily measured as a single 
component but poorly resolved in mixtures. Fortunately, this problem 
was not encountered here. Nor was any ghosting of the acetate peak 
noticeable although this can occur in gas chromatography of short 
chain carboxylic acids (Erwin ILt A6L., 1961). Tailing of the acetate 
peak was the major fault in the method used here, although this was 
alleviated to some extent by an increase in temperatre where not 
precluded by the presence of compounds whose detection was impaired 
by such a change. On the whole, peak areas measured under the 
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Methanol and dimethyl ether. 
While these compounds gave strong responses when introduced to 
the detection system described above, their retention times were very 
short, and the peak tended to be superimposed on the water peak. 
Separation from the water peak was obtained by a reduction in 
operating temperature to 150
0  • While this proved to be a suitable 
system for the detection and measurement of methanol or dimethyl 
ether individually, mixtures of these compounds gave peaks with 
retention times sufficiently close to cause overlapping of the peaks. 
This problem could be overcome by the use of a 9 ft Porapak Q column 
under the same conditions. The trace obtained thus from a 2.5 tLl 
sample taken from a 10 mM solution of methanol and dixasthyl ether is 
shown in Fig. 7. The output attenuation here was x200 . 
01 
Diethyl ether, ethyl acetate, and)ethoxyethanol (and C 3 & C4 metabolites). 
The detection and measurement of these compounds could be 
achieved to some extent with OC systems using Porapak Q as the column 
packing material, but their retention times were long enough to 
necessitate the use of temperatures well in excess of 2000  for 
manageable retention times to be obtained. It was found that at 
these temperatures, baseline stabili. y was impaired, and interference 
due to the large irregular response of the system to water became a 
serious poblem. These difficulties were overcome by the use of 
Chromosorb 101 (60-80 mesh, Phase Separations Ltd.) as column packing 
material. Comparatively short retention times were afforded by this 
material when the operating niperature was 
j750,  and the nitrogen 
carrier flowed at 30 ml/min. A 10 mM solution of the three compounds 
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in question gave the trace shown in Fig. 8, when 2.5 p.1 were injected 
at attenuation x500 . 
4.c2RthOxyacetic acid. 
Samples ofethoxyacetic acid injected onto a Chromosorb 101 column 
gave a highly unsatisfactory response. Temperatures in excess of the 
boiling point of this compound (206 ° ) were required for any peak 
whatsoever to be observed, but even at temperatures approaching the 
limits of tolerance of the column packing material (2750), no better 
response than a shallow, excessively trailing peak of variable 
dimensions could be obtained. The detection ofethoxyacetic acid 
as its methyl ester was therefore attempted on the assumption that 
the latter would be more volatile than the corresponding acid, giving 
shorter retention times at lower temperatures, and improving the form 
of the peak. 
Methyl ethoxyacatate was prepared as follows. To 1 ml of 10 mM 
ethoxyacetic acid were added 2 ml of diazomethane in ether at room 
temperature. After the reaction was complete, a 2.5 p1 sample was 
withdrawn from the ether phase of the mixture, and injected into a 
5 ft Chromosorb 101 column at 225 0 , with a nitrogen carrier'low 
rate of ,;O ml/min. A peak whose occurrence was not demonstrable in 
any of the individual reagents appeared with a retention time of 
41/2 min. The assumption that this peak was attributable to the 
presence of methyl ethoxyacetate is discussed in the results section 
of this thesis, where a typical trace is presented. Treatment of 
2. ml cell suspensions with d;zomethane as described above followed 
by chromatography under the conditions also detailed above constituted 
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the assay system used forethoxyac.tic acid production in experiments 
discussed later. 
The assay method used was basically that of Davies (1943), the 
CO3 generated from the decarboxylat ion of scetoacetate being measured 
by standard manometric technique. 2 mg of lithium ac.toac.tate were 
added to the side-arm of a Warburg manometer flask, whose centre well 
contained 0.2  ml of .ither 200 potassium hydroxide or water as 
appropriate. To the main compartment of the task were added 
2M 
0.25 ml ofac.tate buffer at pH 5.0, and a volume of cell suspension 
equivalent to 50 mg dry weight. Men extracts were studied, the 
volume added was that obtained from the breakage of thw above 
quantity of suspension. Finally, NM medium was ad to the main 
compartment of the flask to give a total volume of liquid in the 
flask of 2.5 ml. The reaction was started by tilting the manometer 
in order to dissolve thL lithium ac.toacetate in the reaction mixture, 
after which periodic readings are taken during incubation at 30g . 
Appropriate controls were performed as detailed in the results section. 
This assay was performed using soluble extracts prepar.d an 
described elsewhere. The reaction mixture prepared in a silica 
cuvette contained, in a total volume of 2.5 ml, extract containing 
0.5-1.0 mg protein; 0.2 p moles MD; and 20 p moles sodium 
-hydrcxybutyrate added to initiate the reaction. The activity was 
deterrined s ctro'hotoetrica.i1y by measurement of the rate of 
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The method of Law and Slepecky (1961) was chosen in preference to 
that of Williamson and Wilkinson (1958), because of the convenience of 
the former technique and its suitability for assay of the comparatively 
small quantities of P118 encountered in the organisms studied. A 2 ml 
cell suspension whose optical density was known to be in the region of 100 at 
aim was found to be a suitable quantity of material, for the assay. 
A lipid extraction was performed on 2 ml of a cell suspension 
containing the equivalent of 150 mg dry weight of cells. The cells 
were extracted twice with chloroform-methanol (2:1), and the non-
aqueous phase was evaporated to 0.2 ml. This preparation was analysed 
by thin layer chromatography on a 5x15 cm silica gel H plate on which 
a standard squalene preparation was also run. The squalene standard 
was applied as a 1% solution in chloroform. Chromatograms were 
developed in ri-hexane, which had proved suitable for chromatography of 
the squalene standard, and were visualised by exposure to iodine vapour. 
pi 
In aztempts to obtain cell-free methane or ethane oxidation, 
extract preparation was as described by Ribbons and Michalover (1970). 
Extracts required for enzyme assays were prepared as ol1ows. 5-10 ml 
spension of known optical density were broken by passage 
]:uUjL a cooled French pressure cell at 4,000 lb/in 2 . 	Microscopic 
49. 
examination of the pressed material normally showed the cell breakage 
to be in excess of 90%. The remaining cells were removed by spinning 
in a bench centrifuge for 5 mm. Where soluble and insoluble 
fractions of this whole extract were required, particulate material 
was removed by centrifugation at 30,000 g for 45 mm. The supernate 
of this centrifuciation was used in experiments where soluble fraction 
is specified, and the insoluble fraction comprised the pelleted 
particulate material resuspended in a volume of NMStnedivan equal to 
the original volume of extract. 
Protein and dry weight estimations 
The method of Lowry 11 J. (1951) was used to determine the 
protein content of cell-free extracts, with bovine serum albumin as 
the standard. Dry weights of cells in suspension were estimated 
from measurement of absorption at 610 mm, from which reference to 
a dry weight calibration curve could be made. 
Srect roDbotometrv and recording eg34iDment 
Routine absorption measurements such as those used in dry weight 
estimations were made with a Unicam SP 600 Series 2 spectrophotometer. 
A unicam SP 500 instrument was used in the construction of crotonic 
acid spectra in the PHB assay, and NAD reduction involved the use of a 
Unicam SP 800 recording spectrophotometer. 
Various potentiometric recorders were used in connection with gas 
chromatograpb apparatus. K*tharometer output was monitored by a Leeds 
and Northrup Speedomax W recorder, while FID measurements were recorded 
by a Vitatron UR 400 machine incorporating an integrator for 
calculation of peak areas. 
i_ TtEi1 
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THE PATHWAY OF ETHANE CCIDATICf 
Introductory studies 
Fourteen strains of inethylobacteria were examined for the ability 
to metabolise ethane. All were selected from the isolates of 
Whittenbury et al. (1970b), and included representatives of the 
genera Methvlomonas, Methvlosinuj, Methylococcus, Metbvlobacter, and 
Methvlocvstis. Members of both Types I and II as defined by 
Whittenbury 11 al. (1970b) were thus included. In preliminary 
experiments, washed suspensions of each of these strains were 
incubated with ethane, and samples withdrawn periodically for 
analysis jy gas chromatography (OC). This exercise involved the use 
of standard suspensions whose constituents have been described 
previously, incubated with 1 ml quantities of each gaseous substrate. 
In every case these essentially qualitative observations revealed an 
uptake of ethane, which appropriate controls showed to be metabolically 
effected. Thus, it seems probable that ethane metabolism is a 
universal phenomenon amongst the methylobacteria, bearing in mind its 
demonstration in other methane-utilising isolates (Leadbetter and 
Foster, 1958, 1960; Foster and Davis, 1966; Whittenbury Xt 11. 0 
1970b). 
It is interesting to note that among the organisms tested was 
Methvlomonas agile A30, in which Whittenbury rj Al. (1970b) claimed 
to have detected no capacity for ethane metabolism. Repeated 
demonstrations of ethane metabolism in this strain during the present 
study and the peculiarity of such an exception amongst impressive 
unifor-mity may he indicat iv o. sic 	ado juacy in the technique of 
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Whittenbury 	. (1970b). In comparison with their procedures, 
the greater suspension densities and more rapid rates of substrate 
disappearance achieved in the present study (and detailed later) 
gave a more sensitive means of detecting gas uptake. 
Propane and butane disappearance was also demonstrable in 
suspensions of all the strains tested. This may be a noteworthy 
observation in view of the contention of several authors (see 
Introduction) that the metabolism of these two compounds by 
methylobacteria is dependent on the growth of the organism on 
methane, and does not occur in resting suspensions as is shown here. 
In any case, it was apparent from these preliminary observations that 
all the gaseous n-alkanes are acceptable substrates for metabolism 
by methylobacteria, although, in accord with other reports, none of 
the organisms studied here was capable of growth in a mineral salts 
medium with ethane, propane, or butane as sole carbon source. 
Although these initial studies were performed with the number 
and variety of strains mentioned above, execution of the more 
detailed investigations anticipated would certainly have been 
impracticable had an interest in this number of strains been 
maintained. It was therefore decided that a stuy of a few 
representative type I  and type II  strains might be more profitable, 
although the caution required in extrapolating features of several 
chosen strains as characteristics of their respective groups was 
acknowledged. Work in this laboratory has long been concentrated 
on Metbvlomonas albus SG8 and Methvlosinus tricbosr,orium OB3B, these 
organisms being comparatively fast-growing representatives of types 1 





The results presented in Table 1 show the rates of disappearance 
TABLE 1. Rates of disapDearance of gaseous n-alkanes in the 
presence of suspensions of various methvlobacteria 
Organism 	 n moles/minimi dry weight 
Methane 	Ethane 	Propane 	Butane 
ma  hX10MODAR albus 
B08 	 20-25 	8-12 	2-3 	<2 
Methylpainu.s 
	
20-25 	8-10 	2 	 <2 tnichosDorium 063B 
Metlivlomonas aaile 
18-22 	7-12 	NT 	NT A30 
Methvlocvstis oarvus 
21-25 	7-13 	NT 	NT CBBP 
NT - not tested. 	Standard suspensions. 	1 ml substrate. 
of the gaseous n-alkanes recorded in suspensions of several strains 
of methylobacteria. Rates of methane and ethane disappearance are 
expressed as ranges of values obtained on five or six occasions using 
a different batch of freshly harvested cells from an exponentially 
growing culture each time. This approach was taken in deliberate 
contrast to that of Wh.ittenbury 	. (1970b), whose data on the 
rates of oxidation of various substrates are presented as precise 
numbers of IL moles metabolised during a stated period of time. one 
may speculate on the relative merits of these presentations from 
various points of view. The figures in Table 1 indicate an overall 
similarity in the rates of metabolism of each substrate among the 
strains tested, whereas the data of Whittenbury 11 al. (1970b) suggest, 
"o'nsidrab1e varttov, in mothane oxidation rates hetwen 
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certain strains. The significance of these apparent differences 
might have been more readily assessed had the approach taken in the 
compilation of Table 1 been used, since a point which became apparent 
during this project was that rates of alkane oxidation fluctuated 
between batches of cells, but that different strains were generally 
comparable in their alkane oxidising capacity. 
It is also clear from Table 1 that the rates of metabolism of 
the substrates tested decreased with increasing molecular weight. 
However, it was interesting to note that the ratio between rates of 
methane and ethane disappearance was not constant when different 
batches of the same organism were examined. For instance high 
rates of methane disarp.arance were not necessarily accompanied by 
correspondingly high rates of ethane metabolism. This observation 
in mentioned here in anticipation of its relevance to]ater discussion. 
No more than two measurements of propane or butane disappearance 
rates were made, since these data are of marginal importance. 
Like methane oxidation (Mitton and Wilkinson, in preparation), 
ethane oxidatiop would not proceed anaerobically or in the presence 
of the dye couple PMS/DCPIP (0.5 mM/0.2 mid). This may be consistent 
with the operation of a mono-oxygenase mechanism iependent on the 
availability of an electron donor. However, such observations 
should be interpreted with caution in view of the ability of PMS to 
inhibit certain enzymes by the oxidation of -SH groups (Peel, 1972). 
The following studies were directed towards a determination of 
the products arising from ethane oxidation in resting suspensions of the 
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methylobacteria under investigation in this project, with a view to 
comparison with the products attributed to this process in 
P. methanica (L.eadbetter and Foster, 1960) and the variation from 
this pattern of C2 metabolism described in ?. caDsulatus (Patel £3. ., 
1969). 
A common feature of both the latter studies was the finding that, 
unlike methane, ethane was metabolised to a level short of carbon 
dioxide. Fig. 9 shows the production of carbon dioxide during 
incubation of a suspension of M. aibus BG8 with O5ml methane and 
witbO.Sm1 ethane, and may be interpreted as indicating that carbon 
dioxide iroduction during ethane oxidation did not exceed the amount 
attributable to endogenous metabolism. Similar results were obtained 
with M. trichqsj,oxiuin OB3B. The objection might be made that it was 
not known whether the addition of ethane to a suspension of cells 
altered the rate of endogenous carbon dioxide production, or whether 
this remained constantly equal to the endogenous rate recorded in the 
absence of substrate, as is assumed in the above conclusion.. A 
decrease in endogenous carbon dioxide production in the presence of 
ethane could conceivably give rise to a misleadingly low overall 
rate. The most satisfactory resolution of this difficulty clearly 
required the use of 14C-ethane, but the cost of this compound was 
considered prohibitive in view of the marginal value of the results 
obtainable from such an experiment. In addition, the following 
investigation tended to vindicate the inference that no carbon 
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Suspensions of N. albus 808 and M. trichostorium 0838 were 
incubated under ethane-air atmospheres as described in the previous 
section, and liquid samples were removed periodically for analysis by 
gas chromatography. The column packing material and conditions used 
were, in anticipation, those known to be suited to the detection and 
measurement of ethanol, acetaldehyde, and acetate. The first product 
detected during this experiment gave the strong signal and sharp peak 
characteristic of acetaldehyde, and was found to co-chromatograph with 
an acetaldehyde standard. This product tended to remain constantly 
low in concentration after its initial appearance, which was followed 
by the formation of a product whose GC response had the form and 
retention time of an acetate standard. Variations in the GC oven 
temperature and the use of alternative column packing materials were 
used to demonstrate persistent co-chromatography of these products 
with acetaldehyde and acetate, permitting their identification as 
such. The sequence and duration of product formation during ethane 
oxidation by a suspension of M. albus 808 are shown in Fig. 10. 
This result demonstrates an accumulation of acetate in the 
suspending medium, with the final concentration being consistent with 
a stoichiometric generation of acetate from ethane. It will be noted 
that the total amount of acetaldehyde and acetate present at any time 
was comparable to the amount of ethane which had been metabolised. 
On rare occasions trace amounts of a product identifiable on the 
basis of co-chromatography as ethanol were detected. Similar results 
were obtained with N. trichosDorium 083B 9 and acetate was invariably 
detected in ethane-oxidising suspensions of other strains in which 
quantitative studies were not performed. A brief examination was 
• ETHANE 









Fig. 10: Formation pf Aget&jdebydq and acetate during ethang  
5 ml suspension containing 100 mg dry weight of 
cells incubated with 0.25 ml ethane. 
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also made of suspensions of the two principal strains incubated in 
the presence of 1 ml propane or 1 ml butane, and analogous results 
were obtained. In the case of propane, propionic acid was 
identified as the ultimate product with propionaldehyde arising 
transiently. The detection of butyric acid and butyraldehyde during 
butane oxidation completed the analogy. In contrast to the 
observations on F. methanica made by Leadbetter and Foster (1960), 
no methyl Acetone production was detected during propane or butane 
oxidation. 
The dehydrogenation of ethanol, propanol, and butanol has been 
measured on previous occasions in the strains under consideration 
here (Davey, 1971), in accord with the operation of the non-specific 
primary alcohol debydrogenase described previously as a common 
feature of other methylobacteria. The disappearance of these 
alcohols from suspensions of M. alb-ug BG8 and . txichosporium 093B, 
whose rates are shown in Tails 2, yielded the corresponding aldehydes 
and carboxylic acids. These observations are typified by Fig. 11 9 
where the sequence of acetaldehyde and acetate formation during 
ethanol metabolism is recorded. Completing this picture of C2 
metabolism was the finding that acetate was also formed in an 
apparently stoichiometric manner during the disappearance of 
acetaldehyde after its addition to suspensions of these organisms 
By this stage, it had become clear that the metabolism of the 
higher gaseous alkanes by suspensions of these methylobacteria was 
similar to the pattern found in P. methanica (Leadbetter and Foster, 
158 0 1960), in which each alkane was said to be metabolised 
C Tietely to the carboxylic acid level, via the corresponding 
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pig. 11: aoducts of Mthanol metabolism in a suspension of 
Standard suspension incubated with 20 0 moles ethanol. 
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TABLE 2. Rates of dIsAURSarancS 2L pKimary alcohols  
in susDensions of two methvlobacteria 
Substrate 	
n moles/mm/mg dry weight 
Methylomonas 	 Methylominus 
a3bus BG8 trichosDoriwn 0838 
Methanol 90-120 80-110 
Ethanol 75-90 70-80 
Propanol 50-60 50-70 
Butanol 	 5O60 	 40-50 
Standard suspensions. 	Substrates added to 10 mM. 
alcohol and aldehyde. For the purpose of the present Study, the 
evidence presented here in support of this type of pathway was 
considered adequate, although in strict terms it may be regarded as 
essentially circumstantial. None the less, the stoichiometric accumul-
ation of probable products of C 3 metabolism showed this process to be 
more amenable to study than the pathway of methane oxidation, whose 
intermediates have proved detectable only on the rare occasions 
mentioned previously. One such occasion involved the controversial 
claim of Brown rt AL . (1964) that methanol and formaldehyde accumul-
ation during methane oxidation could be effected by the use of 
iodoacetate and sodium sulphite respectively. In this study, their 
recommended concentrations of these inhibitors proved ineffectual in 
attempts to bring about ethanol or acetaldehyde accumulation during 
ethane oxid:tion. Under normal circumstances of course, the high 
rate of ethanol metabolism compared with that of other C 2 metabolites 
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would be expected to preclude its accumulation in more than the 
trace amounts occasionally observed. 
On the basis of these simple experiments, certain misconceptions 
regarding the pathway of ethane metabolism in the isolates of 
Whittenbury 11 Al. (1970b) may be rectified, and the relationship of 
these strains to other methylobacteria assessed. The oxidation of 
ethane to acetaldehyde by suspensions of several of these strains 
was mentioned by Whittenbury It Al. (1970b), who considered the 
process to be similar to that observed in M. capsuiptus by Patel 
gt . (1969), probably indicating an inalility on the part of the 
former authors to detect acetate effectively. Whittenbury Xt Al. 
(1970b) presented no quantitative data on their study o -6 acetalde-
hyde production, and as the UC system used to assay the products of 
ethane oxidation was not described, it seems probable that an actual 
formation of acetate may have been overlooked by these workers. The 
problems described earlier in connection with the gas chromatography 
of acetate may also have contributed to their lack of information on 
acetate production. On the whole then it would seem that the 
strains in question are more akin iD P. methanica than M. catsulatus 
in the extent to which they are able to oxidise ethane. 
A further inconsistency with the data presented here was the 
inability of Davey (1971) to detect acetaldehyde oxidation in any 
tested member of the strains in question, although formaldehyde was 
certainly oxidised. Daveys  results were clearly reminiscent of the 
enzymology of alcohol and aldehyde dehydrogenation in M. caDsulatus 
(latel gt al. , 1969), where formaldehyde and methanol appear to be 
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attacked by the same enzyme in the absence of apparatus for non-
specific dehydrogenation of the higher aldehydes. A capacity fur 
acetaldehyde metabolism in the same strains studied by Davey (1971) 
was clearly demonstrated in the present study, with rates of 
acetaldehyde disappearance in suspensions of M. albus E3G8 and 
14. trichosDoxiuln 0B33 typically falling within the range 10-20 
n moles/mm/mg dry weight. The ability to oxidise the aldehydes 
derived from oxidation of all the higher gaseous alkanes was implied 
by the metabolism of the latter compounds to the carboxylic acid 
level. Indeed, the data presented here are in no way inconsistent 
with the situation prevailing in P. methanica, which evidence 
reviewed previously has shown to have a non-specific aldehyde dehycro-
genase permitting the metabolism of the higher gaseous alkanes to 
proceed beyond the aldehyde level which terminates the pathway in 
M. caDsulatus. The reasons for the apparent discrepancies between 
the present results and those of Davey (1971) are not clear, but on 
the whole it would appear that M. caDsulatua is unique among the 
methylobacteria so far investigated in its lack of enzymic apparatus 
for oxidation of aldehydes other than formaldehyde. 
One may speculate incidentally on the implications of these 
variations in aldehyde metabolism in the con text of industrial 
fermentations involving natural gas. Large accumulations of 
acetaldehyde from ethane metabolism might be expected with an 
organism such as N. carsulatus as opposed to acetate accumulation 
in other types. Results presented later in this thesis suggest 
that the latter might be less detrimental to methane oxidation. 
60. 
As judged by the GC assay system used in this study, acetate 
accumulated in suspensions oxidising ethane without being detectably 
metabolised, and the amounts of C 2 metabolites observed suggested no 
assimilation of the products of ethane oxidation. This observation 
prompts comparison with the fate described for C 2 metabolites in 
growing situations, here incorporation of C2 metabolites into cell 
constituents during growth on methane has been noted by several 
workers as discussed in an earlier section. Information on the 
extent of C2 assimilation by resting suspensions is scarce. 
Leadbetter and Foster (1960) did not comment on the fate of acetate 
in their experiments with cell suspensions, but HoareAl. (1970) 
stated that acetate assimilation in obligate methylotrophs was 
strictly dependent on the simultaneous metabolism of methane or 
methanol, probably supporting the non-assimilatory metabolism of 
two-carbon compounds observed here in resting suspensions. However, 
when 25 ml flask cultures of M. aibus BG8 or M. trichpsDorium CB3B 
growing on 10 ml methane had sodium acetate added in concentrations 
to 20 mM 
ranging from 1 mM no enhancement of growth was measurable. This 
was true in terms of both growth rate and ultimate cell yield, 
neither of which varied from the values obtained in unsupplemented 
controls. As will be described later, acetate appeared not to be 
an inhibitor of methane oxidation, but the above result could 
si1y e explained if acetate had a repressive influence on 
tyietrc:iic assimilatory proceaseb, counteracting any contribution 
to overall carbon assimilation. This would certainly be reminiscent 
:ivrsjox of assr1 tr' rt: 	 rtin cbeio1ithotrophs 
b's 
from autotrophic to heterotrophic patterns in the presence of 
acceptable organic compounds (Rittenberg, 1969). 
The data presented so far establish the pattern of ethane 
metabolism in non-growing suspensions of these methylobacteria as 
a non-assimilatory process involving the conversion of ethane to 
acetate as accumulated end product of the pathway. Apart from the 
importance which may be attached to the characterisation of this 
pathway itself, these preliminary investigations were also undertaken 
as being in many respects a prerequisite for the interpretation of 
results presented in later sections. 
Ethane metabolism and cell-free systems 
The problems which have been experienced in the preparation of 
cell-free extracts of methylobacteria with the capacity for methane 
oxidation have been mentioned previously, the only recorded instance 
of this achievement being the report of Ribbons and Michalover (1970). 
Although these authors also found their extracts to be capable of 
ethane oxidation, attempts in this laboratory to demonstrate this 
phenomenon have proved as fruitless as those in which the 
preparation of methane-oxidising extracts has been attempted. The 
latter attempts were made by J.R. Mitton (personal communication), 
while as part of the present study, the procedures recommended by 
Ribbons and Michalover (1970) were followed unsuccessfully to the 
same conclusion in the case of both methane and ethane oxidation, 
the strains investigated being M. albus 808 and M. trichosvoriurA 
CR38. The similarity between the methane and ethane oxidising 
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systems implied by these failures was no great consolation for the 
lack of an ethane-oxidising extract, whose potential value was 
recognised on many occasions throughout this work. 
An investigation of factors involved in the preparation of 
methane or ethane oxidising extracts is clearly a major area of 
study in itself, requiring more intensive research than could be 
allocated to it as a minor part of this project. It is to be 
hoped that current work in this laboratory might contribute to our 
understanding of this problem. 
Diethyl ether as an intermediate in ethane metabolism 
As discussed earlier, the possibility of dimetbyl ether acting 
as a metabolic intermediate between methane and methanol has been 
suggested (Wilkinson, 1971) and the conversion of dimetbyl ether to 
methanol and formate via methyl formate has been described (Mitton 
and Wilkinson, in preparation). The lack of conclusive evidence 
implicating this ether as an intermediate in the normal pathway of 
methane oxidation has also been emphasised in a previous section. 
In view of this uncertainty, it seemed possible that an investigation 
of diethyl ether metabolism in methylobacteria might prove valuable 
since, in so far as methane and ethane metabolism appear to be 
analogous in terms of their confirmed products, the relationship of 
diethyl ether to the pathway of ethane oxidation could provide some 
insight into the true status of dimethyl ether in the context of 
C1 metabolism. 
A hypothetical pathway showing dimethyl ether in the role of an 
Fig. 12: Inclusion of diethyl ether as an intermediate in 
the i,athwav of eth*ne oxidation. 
2C 2H6 
Diethyl ether C2H50C2H5 
1 







intermediate in methane oxidation was shown in Fig. 1, which 
incorporated the findings of Mitton and Wilkinson (in preparation) 
that methyl formate is an intermediate in the metabolism of dimethyl 
ether to typical C1 metabolites. Should this be a valid 
representation of C1 metabolism, and if C2 metabolism were truly 
analogous, it might reasonably be expected that diethyl ether should 
take part in a pathway such as that set out in Fig. 12, where its 
oxygenation at the subterminal carbon position gives rise to ethyl 
acetate, whose subsequent hydrolysis yields characteristic products 
of ethane metabolism. 
The obvious series of experiments suggested by these comnents 
was an investigation of diethyl ether metabolism in methylobacteria, 
with a view to determining whether the products derived from this 
process correspond to those predicted by Fig. 12, and assessing the 
probability of diethyl ether being involved in C2 metabolism in this 
or any other way. Washed suspensions of M. albus BG8 and M. tricho-
srorium 0B33 were tested for the ability to metabolise diethyl ether, 
and disappearance of the substrate as judged by OC assay of the 
suspending medium was observed under the following conditions. 
Rates of diethyl ether metabolism were routinely determined in 2 ml 
suspensions containing 50 mg (dry weight) of cells, and diethyl ether 
added to 10 mM. The maximum rates of diethyl ether disappearance 
were recorded at substrate concentration, between 10 mM and 5 aM, 
where the rate varied between 4 and 6 n moles/win/mg dry weight. 
Above this range of concentrations, rates were appreciably lower, 
presumably because of ether toxicity. Below 5 aM the rate became 
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progressively slower, decreasing steadily towards exhaustion of the 
substrate. Thus all subsequent measurements of diethyl ether 
metabolism were made within this optimum concentration range, during 
the decline of substrate concentration from 10 mM to 5 mM, 
Like dimethyl ether, diethyl ether did not disappear under 
anaerobic conditions, or in the presence of the dye couple WS/DCFIP 
(0.5 mM/0.2 mM). Its metabolism was also prone to inhibition by 
carbon monoxide, an effect whose significance is discussed in a 
later section, where quantitative data on this carbon monoxide 
inhibition are also presented. No disappearance of diethyl ether 
was demonstrable in the presence of cell-free extracts prepared by 
passage through a French pressure cell at 4000 lb/in 2  
During the metabolism of diethyl ether by suspensions of M . albus 
8G8 and N. trichosDorium C38 9 liquid samples were withdrawn for 
analysis by means of the same GC system described as satisfactory 
for the detection of acetate, which would have been expected to 
accumulate as the final product of diethyl ether metabolism via the 
pathway shown in Fig. 12. In frequently re.at64attempts with 
M. trichosDorium (E30, no acetate could be detected at any time 
during the complete disappearance of 10 aM diethyl ether in the suspen. 
sions described. Nor was acetaldehyde detected during such 
experiments. Indeed, no products were apparent when this OC system 
was used. No significant .differences were found in the case of N. alus 
8G8, except that on a few occasions trace amounts of acetaldehyde 
and acetate were seen, representing levels of these compounds too 
A 
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ultimate formation of two molecules of acetate from each molecule of 
diethyl ether metabolised would have led to acetate accumulation to 
the extent of 20 mM in experiments of the type described above, a 
concentration of this compound more than adequate for detection and 
measurement. Thus, irrespective of the duration of the incubation, 
diethyl ether did not give rise to recognisable C 2 product., which 
are readily demonstrable during ethane oxidation. 
The finding that diethyl ether metabolism did not yield the 
same products as ethane oxidation was taken to be considerable 
evidence against the involvement of diethyl ether as an intermediate 
in the pathway of ethane oxidation. This conclusion might con-
ceivably be queried on the grounds that the high levels of diethyl 
ether present in these studies bo*Q].ittle relationship to the 
amounts which would be expected to arise during ethane oxidation, 
perhaps bringing about an artifactual conversion of diethyl ether to 
products other than those encountered under normal circumstances. 
On the whole this seems improbable, particularly in view of the 
observation that ethane oxidation proceeded normally to acetate 
in the presence of 10 aM diethyl ether. 
The inclusion of ethyl acetate as a. intermediate in the break-
down of diethyl ether as depicted in Fig. 12 prompted an investigation 
of the metabolism of the former compound by methylobacteria. Under 
the same conditions as those prevailing during measurements of 
diethyl ether disappearance, ethyl acetate at initial concentrations 
between 5 aM and 10 aM was seen to disappear at rates not exceeding 
I n mole/mm/mg dry weight in both H. aibus 8138 and M. trichoaporiuia 
b33, Trace amounts of acetaldehyde and acetate were detected, 
ÔQ. 
consistent with slight hydrolysis to ethanol and acetate. Mitton 
and Wilkinson (in preparation) had detected methyl formate hydrolysis 
in suspensions of these organisms at rates of around 30 n moleE/min/mg 
dry weight. They also measured the rates of hydrolysis of methyl 
acetate, ethyl formate, and ethyl acetate, concluding that the latter 
was the least acceptable of these substrates for the esterase 
operating in these reactions. It appeared to be very poorly 
hydrolysed, at rates of no more than 4% of the rate obtained with 
methyl formats, thus confirming the assessment of ethyl acetate 
metabolism carried out here. From the foregoing, it is clear that 
had diethyl ether been convertible to ethyl acetate, their 
respective rates of disappearance are such that an accumulation of 
ethyl acetate would be anticipated. Since this phenomenon was 
never observed during diethyl ether metabolism, a role for ethyl 
acetate as an intermediate in the pathway of diethyl ether oxidation 
seems improbable. 
Alternative schemes of diethyl ether metabolism were considered. 
In this respect it should perhaps be pointed out that diethyl ether 
could not be shown to serve as a growth substrate, and its 
disappearance in suspensions were accompanied by no carbon dioxide 
production in excess of that due to endogenous metabolism, probably 
excluding the possibility of any significant assimilatory 
metabolism. It seemed certain that no two-carbon derivatives could 
be involved, since none had been detected by appropriate GC systems. 
This would argue against the oxidation of diethyl ether at a sub-
terminal carbon position for the following reasons, Cbcidation to 
Fig. 13: Alternative routes (1 & 21 for derivation of single 
carbon units from dimethvl ether 
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ethyl acetate has been excluded, and as an alternative subterminal 
oxidation product, one may envisage the formation of an intermediate 
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However, this compound is clearly a hemiacetal, whose highly unstable 
nature would tend to promote its breakdown to ethanol and acetalde-
hyde, eliminating the formation of the above compound as an inter-
mediate in diethyl ether metabolism. It may be noted in passing 
that in situations such as that described by Heydeman (1973), where 
ethanol and acetaldehyde are said to be detectable products of 
diethyl ether metabolism, their derivation from such a hemiacetal 
intermediate seems more probable tian their production from ethyl 
acetate hydrolysis. 
While these comments appear to eliminate subterminal oxidation 
as a means of diethyl ether metabolism in methylobacteria, they also 
have some importance in the interpretation of the data of Mitton and 
Wilkinson (in preparation). Their finding that label from 
methane did not appear in methyl formate, which they found to be a 
product of dimethyl ether oxidation, would certainly exclude this 
ether as an intermediate in methane oxidation if the assumption is 
made that methyl formats is a normal product of dimethyl ether 
oxidation. However, if the initial product of dimethyl ether 
oxidation were the hemiacetal mathoxymethanol, as shown in Fig. 13 9  













ether without the involvement of methyl formate. This would provide 
an explanation of the labelling data mentioned above which could 
still accomodate dimethyl ether as an intermediate in methane 
oxidation, if the observed generation of methyl formate from 
dimethyl ether were seen as a phenomenon only occurring in the 
presence of the high levels of ether present in such experiments. 
Clearly, this situation cannot be clarified until means are found 
for determining whether label from 4C-methane can be trapped in 
dimethyl ether. As mentioned previously, the inhibitory effect of 
dim ethyl ether on methane oxidation has so far precluded the 
execution of this experiment, but the possibility remains that not 
all strains may be as prone to this inhibition as those tested by 
Mitton and Wilkinson (in preparation). 
Returning to the problem of diethyl ether metabolism, the 
possibility of oxidative attack at a terminal carbon position was 
considered. Such a situation is exemplified by the oxidation of 
diethylkto the series of ethoxy-derivatives shown in Fig. 14. The 
existence of this pathway seemed worthy of investigation since the 
ether linkage would be maintained throughout, and the four-carbon 
products would certainly have escaped detection by the (X system 
chosen for its suitability as an assay for conventional products of 
C2 metabolism. 
As anticipated, commercially preparedethoxyethanol andAethoxy-
acetate were not detectable by means of the latter GC system, while 
ethoxyacetaldehyde appeared to be unavailable. 	However, an 
09 
alteration in column packing material and suitable choice of oven 
temperature led to the development of an assay system suitable for 
the detection and measurement ofethoxyethanol. Details of the 
conditions used are given in the appropriate section, where the 
persistent difficulties in the detection ofjethoxyacetate even under 
these circumstances are pointed out 	While no standard preparation 
of,jethoxyacetaldehyde could be obtained it was hoped that its CX 
retention time would bear the same relationship to that of the 
corresponding alcohol as had been found to be the case with other 
aldehydes and alcohols. The capacity of aethylobacteria forAethcxy-
ethanol metabolism was investigated, and this compound was found to 
disappear in suspensions of M. albus BG8 and M. tKichosporium. C63B 
at rates of 60-70 n moles/min/mg dry weight, such high rates being 
characteristic of the metabolism of1rimary alcohols by these 
- 
organisms. Disappearance of theethoxyethanol peak was accompanied 
by the appearance of another peak whose retention time was slightly 
less than that of 1, ethoxyethanol, and which was assumed because of 
this fact and the form of the peak to beetboxyacetaldehyde. In 
the absence of anjethoxyacetaldehyde standard no more definite 
identification of this peak could be attempted. However, it did 
not co-chromatograph with any other compound tested, and its 
formation at a rate approximately equal to the rate of disappearance 
11- 
ofethoxyethanol, in the position and form anticipated for the 
aldehyde corresponding to ethoxyethanol, must be regarded as strong 
circumstantial evidence for its identification asj,ethoxyacetaldehyde. 
Pi- 
This preswnQdethoxyacetaldehyde peak ultimately declined, and the 
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sequence of these events during incubation of M. albus BG8 in the 
presence of 10 m14,ethoxyethano1 is depicted in Fig. 15. The 
amounts ofethoxyethanol and 'ethoxyacetaldehyde' in this figure are 
expressed in arbitrary units taken from the GC recorder charts, since 
the absence of anjethoxyaceta1dehyde standard prevented calibration 
of the apparatus for measurement of this compound. In this 
2- 
experiment, the exhaustion ofethoxyaceta1dehyde left the suspension 
devoid of any compounds detectable by the methods used at that time. 
.2- 
Similar results were obtained during the metabolism ofethoxyethano1 
by M. trichost,orium 033B. 
It was perhaps not surprising to find that as judged by this 
modified assay system, diethyl ether metabolism in suspension. of 
H. albus BG8 and M. trichosoorium OB3B gave rise to no detectable 
2-ethoxyethanol. This result was to be expected in view of the low 
rate of diethyl ether disappearance in comparison with the observed 
rate ofethoxyethano1 oxidation, which would certainly preclude any 
accumulation ofjethoxyethanol even if it were a product of diethyl 
ether oxidation. On rare occasions it was possible to detect trace 
amounts of a product having the same retention time as the compound 
presumed to beLethoxyacetaldehyde. One may naturally be suspicious 
of the true identity of compounds arising transiently in minute 
amounts, especially in a case such as this, where no standard was 
available. However, it is perhaps worth pointing out that, assuming 
alcohols and their corresponding aldehydes to give comparable GC 
responses for the purposes of quantitating thejethoxyacetaldehyde in 
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Fig. 15: Metabolism of 2-ethoxyethanpl by a susterision of 
M. albus 8G8 
Standard suspension. 	10 mm ethoxyethanol. 
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as 10-15 n moles/mm/mg dry weight. This being the case, accumulation 
ofetboxyaceta1dehyde in a situation where it is derived from diethyl 
ether metabolism would be slight. 
The data presented so far gave little information on the true 
fate of diethyl ether. However, in the absence of a detection 
method forethoxyacetate, it was reassuring to discover that the 
metabolism of both diethyl ether andAethoxyethanol  gave rise to 
products which could not be detected with the apparatus available, 
and that a weak case could be made for the implication ofkethoxy -
acetaldahyds in diethyl ether oxidation. It was clear of course, 
- 
that the ability to detectethoxyacetate was a prerequisite for the 
performance of any meaningful experiments to clarify this situation, 
.2- 
and it was with some satisfaction that the detection ofethoxyacetate 
as its methyl ester was achieved, as is described in the methods 
section of this thesis. Brief comment on this method may be 
appropriate hero, since it was not wholly satisfactory in the sense 
that the OC peak assumed to correspond to methyl ethoxyacetate was 
not unequivocally identified as such. None the less its identity 
was assumed with some confidence, since it was derived from the 
reaction betweenAethoxyac.tate and diazomethane, and was neither a 
constituent of solutions of the individual reagents nor a product of 
the reaction between diazometbane and any other compound tested. 
Thus, acknowledging the shortcomings of such a method, it was decided 
that the detection of this essentially unidentified but unique 
compound in a solution which had been treated with diasomethane could 
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reasonably be regarded as evidence of the presence of ethoxyacetate. 
Ideally the product of the reaction of diasomethane with etboxy-
acetate could have been identified more satisfactorily by mass 
spectrometry, but time did not permit the performance of this 
experiment. 
The method was first used in an attempt to detect a final product 
in suspensions of M. albus B(38 and M. trichosr,orium 083B metabolising 
£-etboxyethanol. The disappearance of the alcohol and aldehyde was 
monitored as before, and the suspension was treated with diazomethane, 
and a sample withdrawn for OC analysis. The trace obtained showed a 
peak in the same position as that assumed to be the methyl ester of 
Q-ethoxyacetat.. Quantitation of this type of result was not really 
practicable during the course of the incubation, in view of the large 
volume of suspension involved in the assay preparation. However, 
the result obtained was strongly indicative of the conversion of 
?ethoxyethanol to the corresponding carboxylic acid in anticipated 
analogy with ethanol metabolism. The CX trace obtained in this 
type of experiment is presented in Pig. 16, along with that derived 
from a standardjethoxyacetate solution, and the result of a similar 
experiment in which the complete metabolism of diethyl ether by 
M. albus BGS was observed prior to diazomethane treatment and OC assay. 
It will be seen from this illustration that interaction between 
diazomethane and the products of.thoxyetbanol metabolism or diethyl 
ether metabolism yielded the same product in each case. This product 
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Fig. 16: Gas chromatoaraDh traces from suspensions oI M. albus 8G8 
treated with diazomethane 
Solid line. Standard suspension after incubation 
with 10 mM ethoxyetbano]. 
Broken line. 10 mM ethoxyacetic acid 
Solid line. Standard suspension after incubation 
with 10 mM diethyl ether 
Broken line. 10 aN ethoxyacetic acid 
acetic acid but no other compound tested, including all recognised 
products of C2 metabolism. The implication cannot be disregarded 
that the ultimate product of diethyl ether metabolism is2ethoxy-
acetic acid. 
From these results it is clear that the metabolism of diethyl 
ether cannot be shown to be consistent with the inclusion of this 
compound as an intermediate in the pathway of ethane oxidation. As 
discussed previously, the metabolism of dimethyl ether to typical C 1 
products (Mitton and Wilkinson, in preparation) is an observation 
whose relevance to the normal pathway of methane oxidation is debatable. 
The present findings regarding diethyl ether metabolism must clearly 
add to doubts about the role of ethers in alkane metabolism in general. 
Ether production during alkane metabolism 
Despite the doubts expressed above regarding the role of ethers 
as i: terniediates in the pathways of methane and ethane oxidation, the 
fact cannot be overlooked that dimethyl ether production has been noted 
during methane oxidation by M. sibus BG8 (Wilkinson, 1971; Bryan-Jones 
and Wilkinson, unpublished data). Such observations were clearly 
worthy of furtI. ,r investigation in order to permit a final assessment 
of the status of ethers in methylobacterial metabolism, and attempts 
were made to repeat the experiments mentioned by Wilkinson (1971). 
As discussed previously, it has been suggested that dimethyl 
ether production during methane oxidation might be favoured by 
conditions in which oxygen is present at a low level. However, it 
would appear from results obtained here that the situation is more 
73. 
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complex. Suspensions of M. albus 838 and M. trichosr,orium 0B38 
incubated with methane according to standard procedure did not 
normally give rise to any detectable product in solution. A product 
(identified below) did appear on one occasion in a suspension of 
14.6 albus BG8 incubated as usual in a 25 ml flask with only 0.5 ml of 
oxygen present in addition to the normal 1 ml of methane. With 
another batch of cells the product only appeared when sodium EDTA was 
present at concentrations of 10 or 10 M. The same product was 
formed by some batches of M. albus 838 which had been kept at room 
temperature for 12 hours before being incubated with methane under 
normal conditions. Enigmatically, none of these observations could 
be repeated with any certainty, and no infallible method for inducing 
product formation could be found. N. trichostorium 0838 was never 
seen to: form this product under any of the above conditions. However, 
one batch of this strain did so only when a suspension was incubated 
statically in the presence of 2 ml of methane, that is twice the normal 
amount used in standard suspension experiments. 
The product was identified as dimethyl ether on the basis of its 
co-chromatography with a dimethyl ether standard. Exact co-chromato-
graphy was observed at all temperatures chosen, these being between 
125 and 2000  when Porapak Q or Porapak R columns were used, and 
between 75 and 1500 with Chromosorb 101. Other GC conditions were 
as described in the methods section. These results provide the first 
definite identification of dimethyl ether as a product formed during 
methane oxidation by M. albus 308 and the first detection of any such 
75. 
product in the case of M. trichosDorium OB3B. The appearance of 
diasthyl ether typically gave rise to little more than trace amounts, 
with approximately 0.1 mM being the maximum concentration attained. 
Having reached its maximum, the concentration tended to be maintained 
at this level throughout an incubation, declining on the removal of 
methane from the incubation atmosphere. Comparable experiments in 
which the substrate added was ethane gave rise to no products other 
than those already discussed. Diethyl ether was not formed under any 
circumstances. 
The reasons for dimethyl ether accumulating under the conditions 
stated are not clear at present, and more than the time allocated here 
is required £ or further investigation of this problem. In the broad 
terms nec ssitated by this situation one may envisage dimetbyl ether 
accumulation as a function of cells in which a certain physiological 
state has been achieved or induced. For instance, if the ether is 
seen as a true intermcdiate in methane oxidation, cells which have 
become excessively permeable to this compound might release a certain 
amount which would otherwise have been rapidly metabolised without 
becoming detectable. Alternatively, the abnormal membrane state 
envisaged in these circumstances could perhaps account for an aberrant 
conversion of some methane to dimethyl ether. The latter interpretation 
is perhaps favoured by the failure of diethyl ether to accumulate 
during ethane oxidation by cells which had the capacity for dimethyl 
ether production. 
76. 
CCNPARATIVE STUDIES 	THE CXIDATION C* METHANE. ETHM4E, 
DIMETHYL ETHER, AND DIETHYL ETHER 
Mitton and Wilkinson (in preparation) found that the oxidations 
of methane and d.tmethyl ether were similar in having a requirement for 
molecular oxygen, and in being susceptible to carbon monoxide 
inhibition and to inhibition 	 - 	by 
an electron sink. This raises the possibility of methane and dimethyl 
ether being attacked by the same enzyme • Furthermore, it might 
intuitively be supposed that methane and :hane oxidation are effected 
by the same enzyme, and it is interesting to note that the metabolism 
of diethyl ether is consistent with the oxygenation of a terminal 
methyl group, which is essentially the case with ethane and dimethyl 
ether too. The hypothesis is therefore suggested that a single enzyme 
might be responsible for the oxidation of methane, ethane, dimethyl 
ether, and diethyl ether. The results presented so far have been 
consistent with this hypothesis but have obviously not tested it in 
any depth, and it was with the aim of clarifying this situation that 
the experiments recorded in the following section were carried out. 
As became apparent during this work, data conclusively proving or 
disproving this theory were difficult to obtain. None the less, 
these comparative studies on the metabolism of methane, ethane, and 
their corresponding ethers do permit considerable comment on the 
plausibility of a model system in which all four substrates are 
attacked by the same enzyme, although problems in interpretation 
were considerable. 
77. 
The experiment, the results of which are shown in Table 3, 
Is)•1 4S( 
- 
Methylomonas albut 	Methvlosinus trichost,oriu! 
(8G8) 	 (CE3B) 
COinO2 	 5% 	10% 	 5% 	 10% 
Substrate 
CH4 	 12 	30 	 25 	 56 
C2)!6 	 27 	66 	 28 	 58 
Dimethyl ether 	34 	76 	 36 	 57 
Diethyl ether 	33 	73 	 NT 	 63 
Methanol 	 0 	0 	 0 	 0 
Standard suspension.. 	NT = not tested. 
]. ml mthane or ethane; other substrate. 10 mId. 
CO and 02  premixed as described in Methods. 
involved the determination of levels of carbon monoxide inhibition of 
the oxidation of the relevant substrates. Certain experimental 
difficulties should be borne in mind in the interpretation of this 
Table. The ratc of disappearance of diethyl ether was typically low 
throughout the performance of these experiments, with the result that 
differentiation between uninhibited and slightly inhibited rates under 
these circumstances was subject to the errors which might be 
anticipated in such a system. The omission of a result for the 
inhibition of diethyl ether oxidation in M. trichosoorium 0838 by 5% 
78. 
Co is attributable to these difficulties, which became most 
pronounced in this particular case. However, the measurement of 
oxidation of the other substrates was not subject to errors of any 
significant magnitude, giving highly reproducible results on all 
occasions. 
In M. trichosoorivaz 0B38, the oxidation of both alkanes and 
ethers exhibited a striking similarity in sensitivity to carbon 
monoxide inhibition. This was particularly true at the higher 
carbon monoxide concentration used. In the case of M. albus BG8, 
such close similarities were apparent in the inhibition of ethane 
oxidation and the oxidation of the ethers, while methane oxidation 
appeared to be rather less sensitive to carbon monoxide at both levels. 
Great significance should probably not be attached to the latter result. 
More important is the observation that inhibition by carbon monoxide 
at the levels used is a feature shared by the oxidation of methane, 
ethane, dimethyl ether, and diethyl ether, but not by the metabolism 
of other C1 and C2 metabolites. The absence of any inhibitory 
influence of thes* carbon monoxide levels on the oxidation of methanol 
is included in Table 3 as an example of this fact. Indeed, the 
oxidation of methanol was inhibited by less than 5% in experiments 
where the concentration of carbon monoxide in oxygen was raised to 
50%. Comparable insensitivity to carbon monoxide has been found in 
the oxidation of formaldehyde and format., and in the hydrolysis of 
methyl formate (J.R. Mitton, personal communication), while this was 
found here to be true of the C2 analogues of these compounds. An 
increase in the carbon monoxide level to 15% in mixture with oxygen 
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resulted in total inhibition of disappearance of the two alkanes and 
ethers, once more emphasising the unique sensitivity of these 
reactions to carbon monoxide. 
It must be acknowledged that the data presented in Table 3 
permit little meaningful speculation on the probability of a single 
enzyme system being involved in oxygenation of the alkanes and ethers 
in question. Carbon monoxide sensitivity might be a feature shared 
by various components of any oxygenase system, and Table 3 gives no 
real insight into the complexity of the situation. Results of this 
type would none the less be a prerequisite for the involvement of 
one enzyme, and are perhaps most fairly assessed in the light of data 
obtained from the experiments which follow. 
Useful information regarding the single enzyme theory would be 
afforded by tests for competitive inhibition of the oxidation of each 
substrate by the presence of another of the group although such data 
would clearly not necessarily eliminate the operation of several 
enzymes of comparably broad specificity. However, the conventional 
test for competitive inhibition involving Lineweaver-Burk plots was 
not readily applicable to the situation under consideration here. 
It depends on an assessment of initial rates of reaction, which was 
not really practicable with the periodic sampling techniques employed 
in these studies. A cell-free system would also have been essential 
in order to eliminate differences in permeability, but was unfortunately 
not available in these circumstances. An accurate measurement of 
dissolved substrate concentrations would have been necessary, as 
would the ability to vary these concentrations over an adequate range. 
LAO. 
In both these respects the use of gaseous substrates in the 
experimental system employed here made such procedures rather 
difficult. That the latter problems are not insuperable has been 
demonstrated by Harrison (1973) and by Wilkinson and Harrison (1973), 
who obtained adequate known variations in methane concentration in 
an oxygen electrode cell to permit the construction of Lineweaver- 
Burk plots for methane oxidation. The continuous recording associated 
with oxygen electrode measurements was also of obvious value in the 
determination of initial rates. Unfortunat:ly, measurements of 
oxygen uptake in the presence of methane and methane-ethane mixtures 
would have been of no use in competition studies involving tWo 
substrates metabolised at such comparable rates. 
These points draw incidental attention to the work of Phillips 
(1970), whose supposed demonstration of substrate competition between 
methane and ammonium ions may have encouraged the propagation of this 
idea in certain literature (Whittenbury It A&., 1970b; Wilkinson, 
1971; Quayle, 1972). The Lineweaver-Burk plots constructed by 
Phillips (1970) were the result of experiments in which the problems 
mentioned above were manifestly unsolved, and although ammonia 
oxidation has long been known in methylobacteria (Hutton and Zobell, 
1953), ammonium has yet to be confirmed as a substrate analogue of 
methane. Bearing these points in mind, experiments were performed 
with the two alkanes and ethers which it was hoped might reveal 
behaviour compatible or otherwise with that of substrates attacked 
by the same enzyme. The results of one such experiment are shown in 
Table 4, which may conveniently be considered in two parts. Firstly, 
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TABLE 4. Effect of jr~,., and C;:, compounds on rates of 
disappearance of  CH and C 
Methylomonas albus 	Methvlosinus trichosDorium 
(BG8) 	 (03S) 
Compound 	% change in rate 	 % change in rate 
added CH 	C2H6 CH 	C  
CH  - 	 59 - 	 33 
CH3OH -10 	69 -95 	10 
HCHO -10 	128 -99 	-100 
HCOON 0 	86 0 	74 
a 
C2H6 -19 	 - -40 	- 
C2H50H -80 	52 -4 	-48 -98 	93-3 -100 
CH3CHO -80 	-52 -98 	-100 
CHCOONa 0 	0 0 	0 
Standard suspensions. 1 ml methane or ethane. Other substrates 10 mM. 
the effects of ethane on methane oxidation and vice versa are 
presented, and secondly the influence on each of these processes 
of the presence of various other C1 and C2 compounds is shown. 
The results in Table 4 clearly demonstrate the inhibitory 
influence of ethane on methane oxidation, confirming similar 
observations by other workers (Leadbetter and Foster, 1960; 
Whittenbury 	1970b). It is recognised that this inhibition 
may be explained in several ways. For instance, Table 4 shows 
acetaldehyde to be an inhibitor of methane oxidation, and the 
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formation of this toxic product from ethane could contribute to the 
inhibition of methane disappearance observed in the presence of 
ethane. While the inhibition of methane oxidation in this 
situation may well be partially attributable to this effect, it is 
unlikely to be more than marginally so. The inhibition noted in 
this experiment was instantaneous, occurring prior to the significant 
accumulation of C2 metabolites, which reference to Fig. 10 suggests to 
give rise to concentrations of acetaldehyde well below the inhibitory 
levels used in the experiments portrayed in Table 4, although 
intracellular concentrations may be higher. Two other mechanisms 
of inhibition are suggested in the influence of ethane on methane 
oxidation. The results are certainly consistent with competition 
between the two substrates but may also be explained in terms of a 
drain on available reducing power by an ethane-oxidising system in 
which the availability of reducing power is normally a rate limiting 
factor. 
Table 4 also shows the remarkable observation that in both 
organisms the oxidation of ethane was stimulated rather than 
inhibited by the presence of equimolar amounts of methane. As a 
corollary to the previous discussion, an attractive explanation of 
this result would seem to lie in the utilisation of reducing power 
generated during the metabolism of methane, in a mono-oxygenaSe attack 
on ethane either by the 'methane oxygenase' or a separate'ethane 
oxygenase'. This idea would at first appear to be supported by 
Fig. 17. In this experiment, oxidation of 1 ml methane was allowed 
to proceed for some 20 minutes in a suspension of 	M. albus BG8 
40 
30 


















Fig. 17: DisaDDearanCe of et1we in a suspension of M. albus 8G8: 
In the presence of methane 
After incubation of suspension with methane as 
detailed in text 
Standard suspension. 	1 ml Cl4  and C2Hô. 
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before the methane was replaced by ethane. Ethane oxidation 
under these circumstances was compared, as shown in Fig. 17, with 
ethane oxidation in the presence of methane. Ethane oxidation 
was at the stimulated level in both cases, possibly implying the 
generation during methane oxidation of a stimulant which persists 
after the removal of methane from the incubation atmosphere. On the 
whole, the case for this stimulant being in the form of reducing 
power seems weak, since it is difficult to visualise its persistence 
over such a long period. Whether Fig. 17.  might rather be indicative 
of a methane-stimulated activation of the ethane-oxidising system is 
open to speculation. Otherwise the involvement of reducing power 
in the stimulation of ethane oxidation remains a palatable concept, 
particularly in view of other results to be discussed shortly. 
If methane and ethane are to be envisaged as being attacked by 
the same enzyme, one might expect to detect signs in Fig. 17 of 
competitive inhibition of ethane oxidation by methane, and it is 
difficult to eliminate or confirm the presence of such an effect. 
It will be seen in Fig. 17 that the rates of ethane oxidation after 
and during incubation with methane were not only stimulated rates, 
but equal rates. Had methane been an acceptable substrate for the 
ethane-oxidising enzyme, the rate of ethane disappearance might have 
been expected to increase on removal of methane. Alternatively, 
it may be argued that an attenuation of the stimulatory effect 
accompanying the removal of methane could cancel out the enhancement 
of ethane oxidation resulting from the withdxawl of a competitive 
substrate. A more persuasive argument against the oxidation of both 
substrates by one enzyme. is suggested by a consideration of the 
absolute rates of methane and ethane disappearance in the mixture 
situation. 	In both organisms, the individual rates of methane and 
ethane oxidation were such that the observed inhibition of methane 
oxidation and stimulation of ethane oxidation in the mixture 
experiments resulted in rates of ethane oxidation equalling and 
often exceeding the rate of simultaneous methane oxidation. The 
solubility of ethane being approximately half that of methane, this 
result must be seen in the context of a situation where the 
concentration of methane available to the cell is twice the ethane 
concentration. If one enzyme were responsible for the oxygenation 
of both substrates, it is hard to see why methane oxidation rates 
should not always exceed the rate of ethane disappearance in such 
circumstances, making the reasonable assumption that methane would 
be a considerably more acceptable substrate for a single enzyme 
system than ethane. 
The stimulatory effect of methane oxidation on the rate of 
ethane oxidation led to an examination of the influence on ethane 
oxidation of the presence of other C 1 metabolites. Their effect on 
methane oxidation was also tested, as were the effects of the 
corresponding C2 compounds on the rates of oxidation of both gases. 
The results of these studies are included in Table 4. The figures 
showing alterations in ethane oxidation rates are immediately 
reminiscent of those obtained in the presence of methane, whose 
stimulation of ethane oxidation has already been discussed. In the 
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case of N. albus 8G8, ethane oxidation was subject to enhancement by 
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the simultaneous metabolism of methane or any of its accepted 
oxidation products with the exception of CO2 , which had no effect 
when present in amounts ranging between 0.5 ml and 5 ml. This was 
essentially true of H. trichosporium OB3B with the exception of 
formaldehyde, which exerted a totally inhibitory effect on the 
disappearance of ethane in this organism. It is likely that the 
comparatively low stimulation by methanol in M. trichosvorium OB3B 
was attributable to the rapid production of formaldehyde. On the 
whole, these data seem to be in accord with the idea that reducing 
power derived from C 1 metabolism may be able to act as a stimulant 
of ethane oxidation. Thus the stimulation accompanying formate 
oxidation was uniformly high in contrast to the absence of any 
effect in the presence of acetate, which is not oxidised and, unlike 
formats, is not a potential source of reduced pyridine nucleotide. 
It is not apparent from the data presented in this Table whether the 
stimulation by methanol and by formaldehyde was a result of eventual 
formats production and oxidation, or whether earlier steps in the 
methane oxidation pathway were in fact a source of utilisable reducing 
power. Some insight into this question is perhaps given by an 
examination of the effects of acetaldehyde and ethanol on ethane 
oxidation. 
Acetaldehyde had a dramatic inhibitory effect on ethane oxidation 
in H. trichosporium 063B, and also impaired the rate in M. a]bus BG8. 
However, the presence of ethanol was initially highly stimulatory to 
ethane oxidation in both organisms before this effect degenerated to 
inhibition, presumably accompanying the production of acetaldehyde. 
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As has been pointed out previously, none of the steps in the pathway 
of ethane metabolism to acetate via ethanol and acetaldehyde are 
linked to the generation of NADH 2 . If the interpretation of these 
stimulations is correctly seen in terms of enhanced reducing capacity, 
it becomes evident that ethanol dehydrogenation must be linked to the 
reduction of an electron acceptor other than NAD, but whose re-
oxidation is a source of reducing power utilisable in the oxygenation 
of ethane. This may also be true of acetaldehyde dehydrogenation 
under the appropriate conditions, which were clearly not prevalent in 
the presence of the high levels of acetaldehyde used in these 
experiments. 
The implications of these observations are threefold. Firstly, 
the apparently remarkable oxidation of ethane as part of a pathway 
from which no reduced pyridine nucleotide is forthcoming appears less 
peculiar, in view of this apparent provision of reduced equivalents 
of some other form from ethanol and possibly acetaldehyde dehydrogen-
ation. Secondly, it is probable that formate oxidation is not the 
sole source of reducing power for the methane oxygenating system, 
assuming methanol oxidation to be analogous in this respect to 
ethanol oxidation. Thirdly, questions arise regarding the identity 
of the natural electron acceptor associated with these primary alcohol 
dehydroganations. As pointed out by Anthony and Zatman (1967b), this 
problem remains unsolved in the case of methanol utilising bacteria, 
and this is clearly a speculative area in the enzymology of 
methylobacteria. Since PUS has invariably proved to be an electron 
acceptor for jj vitro alcohol dehydrogenat ions in these organisms, one 
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is tempted to a consideration of naturally occurring compounds of 
related types. Several bacteria produce pigments whose structures 
have been shown to be those of phenazine derivatives (Wrede and 
Strack, 1929; Kogi and Postowsky, 1930; Clemo and Daglish, 1950; 
Haynes &t Al., 1956). The possibility should perhaps be considered 
that a compound of a related type may fill the role of electron 
acceptor for alcohol dehydrogenation in methylobacteria. 
Included in Table 4 are the results obtained on the addition of 
the same series of C 1 and C2 compounds to suspensions of M. albus 808 
and M. trichpsporiwu OB3B oxidising methane. It is immediately clear 
that in no case was the stimulatory effect observed in studies on 
ethane disappearance observed in the rate of methane oxidation. If 
our interpretation of the mechanism of stimulation operating on 
ethane oxidation is correct, this result is significant in the sense 
that it might suggest methane oxidation to be unaffected by an increase 
in available reducing power. It may be inferred from this finding 
that the availability of reduced pyridine nucleotide is not rate 
limiting to methane oxygenation under the conditions used, whereas 
this would not appear to be the case for ethane metabolism. It should 
be pointed out that the possibility of a stimulation of methane 
oxidation being masked by an inhibitory effect can probably be 
excluded in view of the continuation of methane disappearance at an 
unchanged rate after exhaustion of the supplied metabolites. It can 
be seen that the inhibitory influence of acetaldehyde on ethane 
oxidation is also operative in methane oxidation in both organisms, 
while methane oxidation in M. trichosDorium 0638 appears to be strongly 
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inhibited by formaldehyde, as was also found to be the case with 
ethane oxidation. 
As a continuation of these comparative studies on the oxidation 
of methane, ethane, and their corresponding ethers, the influence of 
the ethers on the metabolism of the two alkanes was investigated, and the 
results of this experiment are presented in Table S. In both M. albus 
TABLE 5. 	Inhibition (%I of disaLrnearance of C}IA and C HA by 
Methylomonas albus 	Methvlosinus trichosiorium 
(BG8) 	 (0E38) 
Ether 
added 	
CR4 	C2H6 CH 	C  
Dimethyl 	87 	7 	 85 	 8 
Diethyl 	 23 	4 	 3 	 1 
Standard suspensions. 1 ml methane or ethane. Ethers 10 M. 
BG8 and M. trichosDorium 0B38, dimethyl ether at the concentration 
used exerted a significant inhibitory influence on the disappearance 
of methane from the reaction vessel. While this may well be 
indicative of substrate competition between methane and dimethyl 
ether, and consiste,%t with their attack by the same enzyme, the most 
interesting aspect of the data in Table 5 arises from a comparison of 
the effect of dimetbyl ether on methane oxidation and its effect on 
ethane oxidation. 	In contrast to the almost total inhibition of 
methane disappearance, ethane oxidation appears to be negligibly 
impaired by the presence of dimethyl ether. If the inhibition of 
methane oxidation by dimethyl ether is competitive in nature, it 
might reasonably be anticipated that only substrates for which the 
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enzyme had a greater affinity would be less affected than methane 
by the presence of dimethyl ether. Subject to the qualifications 
discussed below, it seems unlikely that if ethane oxidation were 
effected by the same enzyme as methane oxidation the former could be 
so markedly immune to inhibition by dimethyl ether. However, this 
conclusion could be queried on the basis of alternative interpretations 
of Table 5. For instance, one may imagine the metabolism of dimethyl 
ether to products whose subsequent oxidation might be stimulatory to 
ethane oxidation in the manner discussed previously, thereby obscuring 
a competitive inhibition of ethane oxidation by dimethyl ether. This 
possibility can probably be discounted for several reasons. Firstly, 
the results of Mitton and Wilkinson (in preparation) would indicate 
that under the conditions of this experiment, the concentration of 
dimethyl ether present would have been sufficient to inhibit the 
hydrolysis of methyl formate, thus precluding the production of 
potential stimulants of ethane oxidation until the diinethyl ether 
cortent of the reactio n vessel had declined to a greater extent than 
was possible in the duration of this experiment. Furthermore, an 
experiment which will be discussed later showed ethane to be 
inhibitory to the oxidationf dimetbyl ether. It might also be 
mentioned that during the experiment depicted in Table 5, the 
disappearance of ethane proceeded at a constant rate and was not 
apparently subject to the influence of any products arising within 
that time. Whatever mechanism is envisaged as being involved in 
the inhibition of methane oxidation by dimethyl ether, the above 
discussion appears reasonable. 
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It must be acknowledged that the different effects of dimethyl 
ether on methane and ethane oxidation cannot readily be interpreted 
in terms of a system in which methane and ethane oxidation are effected by 
the same enzyme. In the case of N. albua BG8, these comments are 
supported by the results obtained on the addition of diethyl ether 
to ethane oxidising suspensions, where Table 5 abcws ethane 
disappearance to be insignificantly impaired in comparison with the 
inhibition of methane oxidation in the presence of diethyl ether. 
This is not so obviously true in N. trichosDoriull (3S, where no more 
than trivial inhibition of methane and ethane oxidation could be 
attributed to diethyl ether. 
Some of the above observations can certainly be acoótt 
in our concept of single-enzyme oxygenation of the alicanes and ethers 
under consideration. The inhibitions inflicted by both ethers on 
methane oxidation are at least consistent with recognition of dimethyl 
ether by the 'methane oxygenase' as a rather less acceptable 
substrate than methane itself, with diethyl ether being an even 
less readily attacked substrate. None the less, the aloofness of 
ethane oxidation from influence by the presence of either ether 
presented a clear inconsistency with the one-enzyme model. The 
ultimate significance of the latter comment and its relevance to the 
interpretation of earlier results will be assessed later. 
The final experiments in this series were designed to investigate 
the effect of various substrates on the metabolism of dimethyl ether 
and diethy]. ether. Thus ether disappearance was studied in situations 
where both ethers were present, and where either of the tWO gaseous 
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substrates was added as a potential inhibitor of ether oxidation. 
The results of these experiments are presented in Table 6, where in 
TABLE 6. inhibition (W SLf_ i•'. 
',t.E'. 
Mgt hyjomons albus 	Methvlostn tzichosi,orium 
Compound 	 (808) 	 (033B) 
added 
Dimethyl Diethyl 	Dimethyl 	 Diethyl 
ether 	ether ether ether 
Dimethyl ether 	- 	100 	 - 	 85 
Diethyl ether 	17 	 - 	 41 	 - 
CH 	 4 	 16 	 49 	 48 
C2H6 	 92 	 62 	 60 	 79 
Ethers added to 10 mM. 1 ml methane or ethane. 
Standard suspensions. 
some respects they are certainly in accord with the oxidation by one 
enzyme of several of the substrates provided. An instance of this 
is seen in cases where dimethyl and diethyl ether were metabolised 
simultaneously. The inhibition of diethyl ether disappearance by 
equimolar amoUnts of dimethyl ether was initially overwhelming, as 
is indicated by Table 6. This effect revealed itself to be 
transient (Fig. 18), the inhibitory effect declining rapidly with 
the metabolic removal of dimethyl ether. In contrast, the 
inhibition cf dimetbyl ether disappearance by diethyl ether was 
slight but persistent. This would be the behaviour anticipated in 
a situation where substrate competition took place between two 
compounds, one of which was attacked with considerably greater ease than 
the other. Dimethyl and diethyl ether would fill these roles 
respectively, bearing in mind that the uninhibited rates of dimethyl 
• Diethyl ether alone 






Fig. 18: Disappearance of diethyl ether in a susoension of 
M. albus BG8 alone 	in the Dresence of 
dizuethyl ether 
5 al suspension containing 100 mg dry weight. 
Ethers 10 W. 
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ether disappearance in these strains were 12-20 n. moles/mm/mg dry 
weight, compared with 4-6 n.moles/min/mg dry weight for diethyl ether. 
The data obtained from the addition of gaseous substrates as 
potential inhibitors of ether oxidation are obviously not interdód for 
quantitative comparison with results derived from the addition of truly 
soluble 'inhibitors'. Equizuolarity between gaseous and ethereal 
substrates was unattainable here in circumstances in which ether 
disappearance was measurable. However, these results do permit 
further comment on the one-enzyme theory. For instance, at the levels 
present in this experiment, methane was able to exert a relatively mild 
inhibitory influence on the disappearance of both ethers, with the 
effect being particularly slight in the case of IL albus 3G8. Although 
methane must be acknowledged as the most vigorously attacked of all four 
substrates under consideration, its presence here in low concentrations 
in comparison to the ether concentrations would tend to make the extent 
of any competitive inhibition of ether disappearance by methane 
unpredictable. Thus while the effects of methane on ether metabolism 
are not of transcending importance amongst the results in Table 6, they 
are at least not in conflict with the operation of a single enzyme in 
methane and ether oxygenation. The lower inhibitions observed for 
both ethers in M. plbus BG8 compared with M. trichosDorium OB3B may be 
no more significant than differences in the permeability of the two 
organisms to certain of the substrates presented to them for 
oxidation. 
Perhaps the most significant results in Table 6 are those which 
show the effects of ethane on the metabolism of dimethyl and diethyl 
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ether, since they are not really consistent with a single-enzyme 
system. The low solubility of ethane in comparison with methane 
adds to the peculiarity of the figures in Table 6 which show ethane 
to exert a greater inhibitory effect on the disappearance of both 
ethers than was obtained on the addition of methane. It should be 
noted that the constancy observed in the rates of ether metabolism 
when ethane was present argued against the possibility of the high 
levels of inhibition being attributable to the formation of toxic 
products of ethane metabolism. While it can be accepted that the 
inhibition of ether oxidation by ethane may be competitive in nature, 
the single-enzyme concept requires some modification to accommodate 
the finding that ethane was a better inhibitor of ether oxidation than 
methane, which one may imagine to be the preferred substrate, and 
which because of its solubility was present in higher concentrations 
than ethane in this experiment. 
As anticipated, these comparative studies on the oxidations of 
methane, ethane, dimethyl ether, and diethyl ether did not yield truly 
conclusive evidence for or against the initial attack of these 
compounds by the same enzyme.  They are none the less informative 
when considered in terms of their compatibility with such a iLtuation. 
Throughout this series of experiments, methane, dimetbyl ether, and 
diethyl ether behaved as would have been expected of substrate 
analogues. Their oxidations were comparably sensitive to carbon 
monoxide, and when compounds were presented in pairs to either strain 
tested, the results obtained were most readily explicable in terms of 
competitive inhibition. The extent of these inhibitions could be 
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correlated with the affinities of the enzyme for the different 
substrates as judged by their individual rates of oxidation. Of the 
four compounds tested, only ethane could not readily be accommodated 
in this single-enzyme scheme. 	It invariably acted as an inhibitor 
of the oxidation of the other three compounds, and these inhibitory 
effects were arguably expressions of substrate competition 	The 
anomaly attached to ethane oxidation was that the converse was not 
found to occur, that is the other compounds had no obvious inhibitory 
effect on ethane disappearance. Attempted explanations of this 
observation in terms of the single enzyme hypothesis have been 
discussed and rejected. 
One may perhaps envisage the existence of a second enzyme having 
the specific function of ethane oxygenation but with no affinity for 
methane or the two ethers, the metabolism of which could be initiated 
by the action of the methane oxygenase. An ability of the latter 
enzyme to attack the methyl groups of all four compounds including 
ethane might account for the apparently one-sided competitive 
inhibition encountered in the relationship between ethane and the 
other compounds. The existence of an ethane-oxidising enzyme would 
also be consistent with the earlier finding that the ratio between 
rates of methane and ethane oxidation varied between different batches 
of the same strain. One may further speculate on the likelihood of 
this System having sufficient selective advantage for its retention 
during methylobacterial evolution. In an environment where methane 
was present as a component of natural gas, the inhibitory effects of 
ethane could conceivably be alleviated by the operation of enzymic 
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apparatus designed for the comparatively efficient removal of this 
potential inhibitor from the medium. This possibility is considered 
further in the general discussion at the end of this report. 
Further data are clearly required for clarification of this area, 
and possible approaches can be imagined. For instance, the isolation 
of mutants with a diminished capacity for ethane oxidation but 
unimpaired methane-oxidising ability would be a useful indication cf 
the validity of the two-enzyme system envisaged above. Selection 
procedures would probably not be difficult, perhaps making use of the 
pH lowering encountered during C2 metabolism. Wild type colonies 
grown under methane on solid medium containing a suitable indicator 
such as bromocresol green might elicit a colour change on subsequent 
incubation under ethane, while this would not be true to the same 
extent of mutants deficient in ethane-oxidising ability. However, 
such studies are probably rendered impracticable by the difficulties 
involved in the induction of mutation in methylobacteria (Harwood 
at ., 1972; E. Williams and M. Shimrnin, personal coimnunicat ior $). 
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Experiments were described earlier which were directed towards 
the detection and identification of intermediates in the pathway of 
ethane oxidation by resting cell suspensions of methylobacteria. 
In addition to the results reported in that section, a remarkable 
dissimilarity was noted between the apparent products afforded by 
M. albus RG8 and M. trichostoriuin 083B. While acetate and 
acetaldehyde were invariably detected during ethane metabolism by 
suspensions of either strain, a third compound was seen to accumulate 
in the case of M. trichosDoriwn 0B38. From its gas chromatograph 
characteristics, it was evident that this compound was not one of the 
typical two-carbon products of ethane oxidation. Nor did it co-
chromatograph with any of the compounds previously considered as 
possible intermediates, such as diethyl ether or ethyl acetate. A 
variety of two, three, and four carbon compounds was chromatographed 
for comparison with this unidentified product, and it was eventually 
discovered that acetone exhibited identical gas chromatograph 
characteristics. Apart from their similarity in peak form, both 
compounds co-chromatographed at 1mperatures between 1500 and 250 
during passage through either a 5 ft or 9 ft Porapak Q column or a 
5 ft Cromosorb 101 column, with a nitrogen carrier flow rate of 
30 ml/min in all cases. 
The appearance of acetone during ethane oxidation was not 
exclusively a property of M. trichostorium OB3B, but could also be 
demonstrated in suspensions of other type II strains such as 
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M. trichosDorium (EBP and Methvlocvstis tazvus PG. In cc.trast, 
type I methylobacteria appeared to be incapable of producing acetone 
under these or any circumstances described in the following pages, 
the type I strains tested being M. albus 8G8, M. agile A30, and that 
strain of M. caosulats isolated by Whittenbury 21 al. (1970b). 
Further investigation of the conditions required for acetone 
production by standard suspensions of M. trichostorium OB3B revealed 
the process to occur not only in suspensions incubated under ethane, 
but also when ethanol or acetaldehyde were added as substrates (to 
10 mM in initial experiments). When a standard suspension of 
M. trichostoriuin CB3B was incubated with any of these C 2 substrates, 
the initiation of acetone production appeared to coincide with the 
first appearance of acetate as the final product of C 2 metabolism. 
It was further discovered that a small amount of acetone production 
occurred in the presence of 10 mM sodium acetate, and the use of 10 mm 
acetate buffer at various pH values showed the latter parameter to 
be important in determining the rate of acetone formation. Table 7 
records observations on acetone production by suspensions of 
M. tXichosR2rium OB3B incubated with C2 metabolites at various 
concentrations, and with variations in the pH of those involving 
acetate. The rates of production quoted in Table 7 were recorded 
during the first hour during which acetone appeared, when these rates 
held fairly constant, declining after this first hour until acetone 
formation had ceased after around two hours. It will be seen that 
at all concentrations of ethanol and acetaldehyde the rates and 
amounts of acetone production were similar. This similarity extended 
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TABLE 7. Acetone production by suspensions of M. trichosporium OE3B 
incubated in the presence of C2  meta bolitet 
Compound 	 Rate of acetone 	 Total acetone 
added production produced (n moles/mg 
(n moles/hr/mg 	 dry weight) 
dry weight) 
5 aM ethanol 	 58 	 97 
10 mm 	" 	 60 105 
20 mM 57 	 104 
5 mM acetaldehyde 64 102 
10 mm 	it 59 100 
20 m it 56 98 
10 mM acetate, pH 3.7 4 N.D. 
it 	 It 	
0 
H 3•9 5 N. D. 
of 	 of 
" 4.4 26 102 1 
of 	 it 	
0 " 4.8 52 98 
to 	 to 
" 5.3 39 98 , 
It 	 of 
P 5.8 13 N.D 
to 	It 
9 7.0 13 
N.D. 
Standard suspensions. 	N.D.Not determined. 
to cases in which acetate was the compound added, if the pH was at 
the optimum which turned out to lie around 4.8. The complete 
metabolism of amounts of ethane varying between 0.5 ml and 2.5 ml 
gave rise to similar levels of acetone. The amount of acetone 
formed in total varied to some extent among different batches of 
cells, but the figures presented in Table 7 were typical. Further 
metabolism of acetone did not occur. 
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Thus it became clear that during C 2 metabolism, M. trichost,orium 
OB3B had a capacity for generating an amount of acetone vhich was 
independent of the amount of substrate metabolised. Although acetone 
production in the presence of acetate was greatly enhanced by the 
choice of pH values close to 4.8, the fonation of acetone could not 
be attributed solely to the p14 of the incubation mixture. Thus 
suspensions buffered at pH 4.8 with a citric acid-Na 2HPO4 buffer and 
incubated in the absence of any exogenous substrate were not seen to 
produce acetone, although they did so on the subsequent addition of 
10 mM acetate. In view of the above observations, it may be 
suggested that acetone production during the metabolism of ethane, 
ethanol, and acetaldehyde is probably occasioned by the accumulation 
of acetate and enhanced by the lowering in pH which accompanies C 2 
metabolism. 
It was noted in passing that the amounts of acetone typically 
liberated during C2 metabolism could also be formed when suspensions 
of M. trichosDorium OR3B were incubated with C 3 or C4 metabolites 
such as propan-l-ol or butan-l-ol. The only other instance of 
acetone formation in this organism was discovered by chance when 
cells freshly broken by passage through a French press were incubated 
without any exogenously supplied substrate. Probable sources of 
acetone and the processes involved in its formation are discussed 
in the following pages. 
Intermediates in acetone production 
Microbial acetone production has been known for many years, being 
a function of fermentativ metabolism in certain Clostridia, and 
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involving a decarboxy1atLOfl of acetoacetic acid to yield acetone and 
carbon dioxide (Johnson £t ., 1933) as shown below: 
CR3CCC}I2COC*1 	) CH3COCH3 + CO2 
Acetoacetate decarboxylases have been isolated from various Clostridia 
and have been characterised to some extent (Davies, 1943; Seeley and 
Van Demark, 1950) 9 but the occurrence of such enzymes appears not to 
have been noted in non-clostridial groups prior to this report. While 
acetone production has been associated with the rumen, the acetoacetate 
decarboxylase responsible has been shown to be localised in the rumen 
	
epithelium rather than any of the rumen flora (Seto 	, 1963). 
It was thus of some interest to determine whether the acetone 
production observed here in certain methylobacteria was attributable 
to the activity of an acetoacetate decarboxylase. 
The manometric assay chosen for the enzyme is described 
elsewhere, and was essentially that of Davies (1943). The result 
of a typical assay on whole cells of M. tricbosrorium CB3B is shown 
in Fig. 19. This graph shows an acetoacetate-induced generation of 
CO2 , significantly in excess of endogenous CO2 production. The rate 
of CO2  production ultimately declined to a rate comparable to that of 
endogenous respiration, by which stage the total amount of CO 2 
formed in excess of endogenous was 18.7 p. moles in this experiment. 
It may be noted that the amount of lithium acetoacetate present at 
the start of the experiment was 2 mg (18.5 p. ii les), and that 
subsequent GC analysis of the assay mixture revealed the presence 
of 7.3 mM acetone, corresponding to a total acetone content of 







Fig. 19: Acetopcetpte decarboxyjation in whole cells of 
M. trichosporjuni 0638 
See Methods for details of assay mixture. 
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experiments. The possibility of spontaneous decarbOxylatiOfl of 
acetoacetate, as occurs in mammalian ketone body transformations, 
was eliminated as a contributory factor in the above observations 
by the inclusion of a control experiment in which heat killed cells 
were substituted for the normal suspension. There was no evidence 
of any induction of the decarboxy]aSe being required. 
Enzymic decarboxylation of acetoacetate was also demonstrable 
in cell-free extracts of N. trichOsDoriufli 083B as is shown in Fig. -, 
where the acivity is seen to reside exclusively i. the soluble 
fraction. When the p11 of the acetate buffer used in whole cell 
decarboxylase assays was varied, the results shown in Table 8 were 
obtained. Not only does the pattern revealed resemble that for 
TABLE  
in whole cells of M. tric-h-osR2rium- QR3B 
pH 	l CO2/hr/mg dry weight 






6.5 	 1.9 
See Methods for details of assay mixture. 
acetone production during C2 metabolism by whole cells, it also 
reveals the acetoacetate decarboxylase of M. trichosr,oriwn 0838 to 
be remarkably similar in its pH optimum to the enzymes studied in 
Clostridia (Davies, 1943; Seeley and Van Demark, 1950) and in rumen 
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Fig. 20: Peotacetate decaxboxvlation in extracts of 
M. trichosDoriuni (3B 
See Methods for details of assay mixture. 
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epithelium (Seto 	1963). While this is indicative of a 
certain degree of uniformity amongst the relatively few acetoacetate 
decarboxylasee known, the role of an enzyme with such properties is 
not immediately obvious in the methylobacterial context, although 
this point will be discussed again at a later stage. No further 
characterisation of this enzyme has been undertaken, but its detection 
in methylobacteria is an observation of some originality in this group 
and non-clostridial microorganisms in general. 
The distribution of acetoacetate decarboxyla.2 activity in the 
strains available for study was comparable to the distribution of 
the ability to produce acetone during C 2 metabolism. No activity 
could be detected in the type I strains M. albus BG8 and . aaile 
A30. On the other hand, acetoacetate was decarboxylated by 
suspensions of H. Darvus 0BP which, like H. trichost,orium 063B, 
is a type II organism. 
Concluding acetoacetate to be the probable precursor of acetone, 
the possible metabolic source of acetoacetate was considerE 1. 
Acetoacetate in Clostridia appears to be derived from acetoacetyl 
CoA, whose synthesis from acetate and acetyl CoA is followed by a 
transfer of coenzyme A to succinate (Nanba and Furusaka, 1965). 
It is rather difficult to imagine these processes being compatible 
with methylobacterial metabolism, being a somewhat aimless form of 
energy expenditure in this context. The clostridial system of 
acetoacetate formation would also be precluded by the failure of 
acetate to be metabolised under the relevant conditions to any 
extent which might implicate it in acetone formation. However, it 
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is clear from elementary biochemistry that acetoacetate is obtainable 
as a dehydrogenation product from 3-hydxoxybutyrate: 
CH3CHcZICH2COcE ,,, 	CH3COCH2C OCR 
NAD NADH2 
While the occurrence of notable amounts of (3-hydroxybutyrate is 
unrecorded in methylobacteria, poly--bydroxybutyrate (PHB) has been 
detected on several occasions (Whittenbury 9t a 
 I., 1970a; Ka]lio -i 
Harrington, .L960). 	Thus the possibility arose tl.'t the acetone 
produced during C2 metabolism might be derivd ultimately from PHB, 
via -hydroxybutyrate dehydrogenation and acetoacetate dacarboxylation. 
Extracts of M. tricbosDorium CB3B were prepared by Fnch pressing 
in the normal way, and the 30,000 g supernate assayed for p-hydroxy-
butyrate dehydrogenase activity as described in the Methods section. 
p-hydroxybutyrate-stimulated reduction of MAD was observed spectro-
photometrically, with activity estimated at 45 n moles NAD reduced/mg 
protein/mm. Assays performed on extracts of M. a]bus B08 revealed 
no 13-hydroxybutyrate dehydrogenase activity. Other results were 
consistent with the involvement of this compound in acetone production. 
When standard suspensions of M. trichoeorium OB3B or Methvlocvstis 
arvus CBBP were incubated with 10 mM sodium 3-bydxoxybutyrate, acetone 
was detected in the incubation mixture. Paradoxically, the amount 
of acetone formed was low in comparison with that liberated during 
C2 metabolism even at pH 4.8. This remained true when concentrations 
up to 20 mM sodium -hydroxybutyrate were used, there being no obvious 
stoichiometry in the conversion of this compound to acetone. Equally 
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anomalous was the discovery that 10 mM sodium -hydroxybutyrate was 
not a stimulant of ethane oxidation under conditions det Lied in a 
previous section. This is peculiar in the terms ofthe interpretation 
given previously to the stimulation of ethane oxidation by other 
metabolites, where the generation of excess reducing power was seen 
as the most obvious explanation of this phenomenon. The reasons for 
these deviations from anticipated properties of 3-hydroxybutyrate 
metabolism are not clear. A derivation of acetone from the 
metabolism of exogenously supplied (3-hydroxybutyrate was, however, 
demonstrable. 
B metabolism and acetone production 
Once more M. albus BG8 and M. trichosporium OB3B were selected 
for study and, with reservations, as representatives of types I and 
II. Assays for the presence of PUB were carried out as described 
in the Methods section. The method chosen depended on a spectro-
photometric detection of crotonic acid produced chemically from PHE 
present in a sample. Fig. 21 shows typical spectra obtained from 
samples of both strains subjected to the assay procedure. The cells 
were harvested from exponentially growing cultures as was normal 
practice in the preparation of cell suspensions. Fig. 21 displays 
a striking dissimilarity between assays applied to M. albus BG8 and 
M. trichospoxiwn (,:3B. 	In the latter case the spectru corresponds 
convincingly to that described by Law and SlepeCky (1961) as being 
characteristic of crotonic acid, implying the presence of PHB in 
the cells before assay. M. aibus 808 was contrastingly devoid of 
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Fig. 21: Spectra from P118 assay on 2 ml SusDensions of 
M. albus 8G8 and M. trichQsDoriwn 0838 each 
containing 50 ma 	dry weiiht/rn1 
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suggested this to be a fair representation of the storage lipid 
situation in M. albus B08 and M. trichost)orium OB3B grown under 
the conditions stated. 
Whether cells harvested at different stages in growth or grown 
under different conditions might have varied from the picture 
presented by Fig. 21 is perhaps debatable. However, the important 
point is that the phenomenon of acetone production takes place in 
cells produced under the same circumstances. It would also be 
improper to extrapolate from Fig. 21 in terms of a fundamental 
difference between type I and type II organisms, if only because 
there is evidence of the occurrence of FHB in F. methanica (Kallio 
and Harrington, 1960), which belongs to type I (Lawrence and Quayle, 
1970). It may be noted incidentally that while acetone production 
has been observed during propane oxidation by P. metbanica (Leadbetter 
and Foster, 1960), the authors' labelling technique showed propane 
to be a precursor of acetone in that case. It would be interesting 
to know whether PHB metabolism could also have contributed .o the 
formation of acetone in that experiment. 
Using the data of Law and Slepecky (1961) the P118 content of 
the M. trichosyorium OB3B sample used in the preparation of Fig. 21 
can be calculated as 1.8 p.g/mg dry weight of cells. This figure was 
typical of such analyses, although a certain amount of variation 
between batches of cells was noted, giving results of up to 6.5 pg 
P118/mg dry weight. While measurement of these levels of P118 is well 
within the scope of the method of Law and Slepecky (1961), the 
accuracy of this method for measurement of small amounts of P118 has 
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been queried (Dawes and Senior, 1973), and the amounts involved here 
are low by many standards. This is true in comparison v ith the data 
of Kallio and Harrington (1961), whose assays on P. methanica revealed 
31.8% of cell weight in a four day old culture to be lipid, of whici. 
92.1% was identified as PHB. The effects of cultural conditions 
on PHB synthesis in methylobacteria was not studied by these authors, 
or in the present work, where exponentially growing cells were 
invariably harvested for the preparation of suspensions. One may 
speculate on the possibility of the higher P118 levels reported by 
Kallio and Harrington (1960) being attributable to low nitrogen-carbon 
ratios in their four day old culture medium in which stationary phase 
may have been attained. This assumes P118 formation in methylobacteria 
to be influenced by factors such as these, whose importance has been 
establisiad in early work on the metabolism of this storage compound 
in other organisms (Macrae and Wilkinson, 1958). The assumption may 
well be valid, since the onset of the stationary phase of growth was 
said by Whittenbury yj &I. (1970a) to promote the formation of large 
PHB inclusions in several type II strains. 
The aiounts of P118 occurring under the latter circumstances 
were apparently larger than those measured here, with inclusions 
being revealed by phase contrast microscopy. Such observations 
could not be made on the calls used in the present study and staining 
:th Sudan Black proved equally ineffectual. Figures stated 
previously suggested total acetone production during C 2 metabolism 
to be typically in the region of 100 n moles/mg dry weight of cells, 
which corresponds to 5.8 pg acetone/mg dry weight. Thus it is clear 
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that the quantity of 1W3 measurable in M. txicbosporiuni OB3B and the 
amount of acetone which can be formed are comparable in magnitude, 
lending support to the possibility of a metabolic relationship. This 
was duly investigated as follows. 
A 10 ml suspension of M. trjchospoxium CB3B containing 50 mg 
dry weight/mi was prepared. 2 ml were set aside for Piffi assay, 
while the remainder was incubated according to standard procedure 
in the presence of 1 ml ethane • 2 ml samples were withdrawn 
periodically to be analysed for PHB, and the resu]. of t1is 
analysis is show in Fig. 22. The presence of PHB in the initial 
sample is indicated by a characteristic crotonic acid spectrum, and 
a degeneration of the spectrum is shown during the course of ethane 
metabolism. When a similar experiment was performed in which the 
incubation mixture contained 10 mM ethanol in place of ethane, a 
result similar to that shown in Fig. 22 was obtained. This type 
of experiment was repeated with 1 ml methane as the added substrate, 
and it was found that the crotonic acid spectrum obtained 0 
analysis of the first sample was maintained throughout the incubation. 
Summarising the data presented in the preceding pages, it is 
clear that the formation of acetone during C2 metabolism reveals 
several hitherto unsuspected differences between M. albus B08 and 
M. trichosDoriwn C3B. From instances where other strains have 
been examined it seems likely that some of these differences may be 
extended with reference to type I and type II strains respectively. 
Apart from having the capacity for acetone production under 
appropriate conditions, M. trichosporium CB3B differs from M. albus 











Fig. 22: Changes in F'HB assay spectrur obtained from a 
•ustension of M, trichosporium 08313 durinu 
incubation with ethane 
See text for details of experiment. 
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8G8 in possessing measurable reserves of WE during exponential 
growth, and the enzymic apparatus for the conversion of these 
reserves to acetone via -hydroxybutyrate and acetoacetate. The 
conditions under which this conversion occurs can now be defined 
with a satisfactory degree of confidence. The presence of acetate 
would appear to result in a depolymerisation of PM reserves, with 
the (3-hythcxybutyrate formed being converted to acetone via 
acetoacetate. The latter process is particularly favoured at the 
pH optimum for acetoacetate decarboxy lace, which i; of course 
attained during C2 metabolism. Brief observations on C3 and C4 
metabolism would suggest propionate and butyrate to have effects 
comparable to that of acetate in this respect. 
The interpretation of these observations it made difficult by 
the comparatively primitive state of our understanding of the regulation 
of PIlE metabolism. Dawes and Senior (1973) have reviewed the 
existing literature on this subject, conceding that the PHB 
depolyinerase system is a complex one, whose regulation awaits 
satisfactory investigation. Since the essentially preliminary 
studies on the enzymology of P113 depolymerisation performed by 
Merrick and Doudoroff (1964), little elucidation of the system at 
this level has been evident • A certain amount of information is 
available regarding some of the factors influencing PIlE in several 
organisms, but as implied by Dawes and Senior (1973), few overall 
principles can be invoked in formulating a general scheme of 
regulation. A case can be made to implicate an abundance of 
reducing power in the form of NADH2 as a prerequisite for PIlE 
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synthesis, while the absence of reducing power with low levels of 
acetyl CoA may constitute elements of a situation favourg FHB 
degradation (Dawes and Senior, 1973). Unfortunately, the results 
presented here are not readily explicable in these terms, although 
this might have been conceivable had PHB catabolism appeared as a 
function of energetically expensive C2 metabolism rather than as a 
phenomenon apparently related to the accumulation of the end product 
Of C2 metabolism. 
Explanations may certainly be attempted in more general terms. 
As discussed previously the assimilation of C 2 metabolites appears 
to be dependent on the derivation of energy from an appropriate source, 
which is not available in the suspension studies under consideration. 
It is conceivable that the formation of potentially assimilable 
compounds during C2 metabolism may direct the cell's regulatory 
machinery towards the provision of such energy from alternative 
sources. The extent to which the latter function can be fulfilled 
by PHB in niethylobacteria is not clear. While it is true that the 
NAD-linked dehydrogenation of (3-hydroxybutyrate may be important in 
this respect, the extent to which NADH2 oxidation is an energy-
yielding process in met hylobacteria has been called into question 
(Davey Xt aJ,., 1972) as discussed previously. Alternative roles for 
PHB in M. trichostorium 063B may of course be sought. Since this 
organism is capable of exospore formation (Whittenbury et a., 1970a), 
the situation is perhaps reminiscent of the involvement of PHB in the 
provision of carbon and energy for sporu].ation and encyatment in 
other organisms (Slepecky and Law, 1961; Kominek and Halvorson, 1965; 
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Stevenson and Socolof sky, 1966). Our understanding of methylo-
bacterial sporulation and encystinent is, like many aspects of the 
physiology of these organisms, only sufficient to permit the 
presentation of these ideas as possibilities worthy of speculation. 
Whether the true explanation of PHB breakdown during C 2 
metabolism by certain methylobacteria can be found in the above 
discussion is debatable, and hypotheses based on incomplete knowledge 
of P118 metabolism in non-methylobacterial species should clearly be 
treated with caution. However, the unique aspect of P118 metabolism 
noted here in M. trichosporium CB3B is the formation of acetone as 
the ultimate product of P118 degradation. Since doubtful benefits 
in terms of energy and no assimilable carbon are to be derived from 
the conversion of primary products of PHB breakdown into acetone, 
this process should perhaps be seen as a means of eliminating such 
products, whose presence as an inevitable accompaniment to PBS 
breakdown may not be compatible with the efficient functioning of 
methylotrophy. This concept and others may be more adequately 
considered in the general discussion which follows this section. 
The possibility of comparable mobilisation of storage 
materials during C2 metabolism in M. albus 808 was considered 
briefly. Under conditions of exponential growth, this strain 
appeared to be devoid of P118 reserves, and no other recognised 
storage compound has been detected in methylobacteria. However, 
it seemed that a possible exception might be the identification of 
squalene and sterols in M. capsulatus (Bird et j]., 1971a 9b). 
Particularly large pools of squalene were reported by these authors, 
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representing amounts (0.55% dry weight) comparable to the P118 
content of cells studied here. While a general storage function 
for squalene may seem improbable in view of its normal role in 
steroidogenesis, it was of some interest to examine the organisms 
under investigation here with respect to their squalene content, 
and to observe the behaviour of any such compound during C 2 
metabolism, at which time P118 is dramatically metabolised. 
When lipid extracts of M. albus 8G8 and M. trichosoorium 083B 
were subjected to thin-layer chromatography as described in the 
Methods section, in both cases a spot was noted which chromatographed 
closely but not exactly with the squalene standard. The R  value 
of this substance was 92% of that measured for squalene after 
development in n-hexane. Although no quantitative data were 
sought in this area, it was evident that large amounts of a 
compound differing only slightly in its chromatographic properties 
from squalene were present in exponentially growing cells of both 
strains tested. When suspensions of either organism were incubated 
with C2  metabolites as was done in observations on P118 breakdown in 
M. trichosoorium (3B, there was no evidence of any decline in the 
levels of this unidentified lipid. 
The relevance of these observations 	to the major theme of 
this section is clearly marginal. They may suggest that the break-
down of P118 observed during C 2 metabolism is not occasioned by 
factors influencing the metabolism of storage compounds in general, 
if a case can be made for squalene or related compounds being regarded 
as storage materials. The latter point is clearly speculative, and 
might profitably be investigated in the future. 
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The investigations recorded in this report have not elevated 
the status of C2 metabolism above that of a process which is, in a 
sense, incidental to the essence of obligate methylotrophy. 
However, the value of the information obtained is apparent in 
analogies with imperfectly understood aspects of C 1 metabolism, 
and in instances where distinctions between C 2 metabolism and the 
essential elements of methylotrophy invite erlightened speculation 
on this phenomenon. It is further the author's belief that 
potentially fruitful areas for future research are suggested by 
certain observations based on this study of ethane metabolism in 
the methylobacteria. Considerable dependence has been placed 
on deductions derived by implication and inference from evidence 
which may be critically assessed as circumstantial • Such an 
approach has arguably been unavoidable in the area under consideration, 
and its merits should perhaps be judged in this light. 
Bearing in mind the rate of advance of our comprehension of 
assimilatory metabolism in various methylotrophs, the enigma 
surrounding the first step in the oxidation of methane is an 
anachronism whose elucidation is long overdue. Crucial to this 
problem has been the case which can be made for the inclusion 
of an ether intermediate in the conversion of alkanes to alcohols 
by methylobacteria, and the results detailed in this report tend to 
detract from the acceptability of this idea. The inability of 
diethyl ether to be sconmcda'ted as an intermediate in the pathway 
of ethane metabolism is significant in itself, and in raising doubts 
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about the relevance of the essentially analogous cz,cidation of 
dimethyl ether to C1 metabolism. These observations, along with 
those of other workers in this laboratory discussed previously, 
cannot readily be reconciled with an obligatory role for dimethyl 
ether in methane oxidation. They are more compatible with a 
situation in which dimethyl ether is fortuitously metabolised to 
C1 products, and is occasionally produced from methane under 
circumstances which are not understood, and which improbably 
represent typical methane oxidation. On the whole, it is difficult 
to place great confidence in hypotheses aaodating the above 
results in a scheme involving dimethyl ether as an intermediate, 
such as that proposing methoxyniethanol as the key product of dimethyl 
ether oxidation under normal circumstances. As has been discussed, 
this particular theory should be readily tested by what may prove to 
be the final experiments in this chapter of research on methane 
oxidation. 
The possibility of ethers being eliminated as products of 
the initial oxygenase-mediated reaction in alkane metabolism by 
methylobacteria is not of transcending importance in our under-
standing of the nature of this reaction. The enzyme or enzymes 
involved have yet to be isolated in an active form, and knowledge 
of associated electron transport systems is at present rudimentary. 
However, with the above reservations, it now becomes reasonable to 
suppose that the oxygenation of alkanes by these organisms might 
not present such a remarkable innovation in the general scheme of 
alkane metabolism noted elsewhere. However, even if the occasional 
formation of ilimethyl ether from methane is seen as an aberration of 
the normal methane oxygenation process, an enzyme capable of the 
modification this would imply is interesting to contemplate. We 
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must imagine a change from a system in which one molecule of methane 
and one of oxygen take part in a reaction, to the union of two 
molecules of methane and one of oxygen. Such properties may 
conceivably be attributable to an enzyme of rather broad specificity, 
and the probability of this description being applicable to the 
methane oxygenase system can be regarded sympathetically in the 
light of the present study. 
Future investigations must clearly be devoted to a more definitive 
understanding of the methane oxygenase system, and it is as a back-
ground to such studies that the present and contemporary work may 
be regarded. Considerable effort has now been expended on an 
examination of methane oxidation within the limits acknowledged 
by general microbial physiology. However, the area of oxygenase 
biochemistry is now one of considerable sophistication in concept 
and technique, with which students of methane oxidation must 
inevitably become associated in the future. The pure microbiologist 
may regard with some dismay the dislocation of this area of study 
from the consideration of methylotrophy in the wider sense. The 
inevitability of this trend may well be indicative of the maturity 
of a subject entering a new phase in its development. The decline 
of biotechnological interest in the methylobacteria at the academic 
level may also be important in preparing the way for studies of a 
more basic nature. 
As already discussed, it is possible to attribute a certain 
amount of logic to the possession by methylobacteria of a specific 
ethane oxygenase, and the selective advantage of such an enzyme in 
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the natural environment has been mentioned. None the less, this is 
an idea which is strikingly contrary to the intuitive supposition 
that oxidation of the higher gaseous alkanes would probably be 
effected by the methane oxygenase. While it is difficult to 
ignore the inconsistency between the latter point and certain 
results obtained here, the existence of an ethane oxyganase should 
probably be regarded with caution. There is no evidence to suggest 
that ethane oxidation is not a constitutive property of niethylobacteria, 
and in admittedly teleological terms, the production of a specific 
enzyme for this purpose is difficult to reconcile with metabolic 
efficiency. Even from the evolutionary viewpoint, a modification 
of the methane cocygenase to preclude inhibition by the presence of 
ethane would seem likely to have greater selective advantage than 
the development of an entirely new enzyme system for ethane oxidation. 
On the whole, it would be improper to deny the undoubted analogies 
between methane and ethane oxidation. When the methane oxidising 
system is more fully understood it may be possible to reconcile 
the results obtained here with the involvement of a single enzyme 
in both methane and ethane oxidation. In this respect and many 
others the preparation of reliably active methane cocidising extracts 
is eagerly awaited. 
At this point some brief comment on thSprevious1y discussed 
concept of co-metabolism may be appropriate. Having already 
extended existing definitions of co-metabolism to take into 
account the available data on ethane metabolism by methylobacteria, 
it is with some hesitation that yet further modification is considered. 
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Ethane metabolism as encountered in the present study is certainly 
compatible with its inclusion as an instance of co-metabolism in 
the zones discussed previously. However, while ethane oxidation 
is a self-sustaining process which may be initiated by its own 
enzyme, it is clearly enhanced by, though not dependent upon the 
simultaneous operation of the cell's major oxidative pathway. In 
so far as the idea of co-metabolism is worthy of propagation as a 
useful concept, such features might well form the basis of a 
further category of co-metabolism. In these terms, however, such 
a variety of metabolic processes might be brought within the scope 
of co-metabolism as to negate its value as a distinctly recognizable 
phenomenon. 
The breakdown of PHB during C2 metabolism by certain methylo-
bacteria has been tentatively explained in terms of an influence 
on the mechanisms regulating PHB metabolism by the introduction of 
potentially but impracticably assimilable C 2 metabolites. Such 
generalization may be jstified by our imperfect knowledge of the 
control of PHB metabolism in organisms in which this storage 
material has been comparatively extensively studied. However, 
even at this level of discussion the observations made here prompt 
speculation on the significance of PuS metabolism in the context 
of obligate methylotrophy. As discussed previously, the 
presumption that the reduced pyridine nucleotide derived from PHB 
breakdown is necessarily a source of utilizable energy in methylo-
bacteria has been offered as evidence for the linkage of NADH2 
oxidase activity to energy generation in these organisms, this 
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being a point surrounded by some controversy. The point may indeed 
be a valid one, but the argument should be qualified by the acknowledge-
ment that the mobilisation of FHB reserves in methylobacteria may have 
a function which lies outside our experience of the phenomenon in 
heterotrophic organisms. The production of MADH2 could be incidental 
to the main role of PHB catabolism, there being no evidence at present 
to define the actual benefits derived from this process. We may 
imagine an evolutionary link with ancestral types in which the 
breakdown of PHB did fulfil such a function now being superimposed 
upon the methylotrophic situation, in which the true function of P118 
has come to lie elsewhere. 
Whatever credence is attached to the toxicity of organic compounds 
to autotrophic or methylotrophic growth, and the palat&bility of these 
compounds for facile assimilation, it is clear that strict control of 
the levels of organic molecules within the methylobacterial cell may 
be of critical importance. ItJtempting to implicate a reserve 
material such as P118 in some such regulatory scheme, although such 
speculation is, in a sense, ventured in the confidence that it cannot 
be countered on the basis of any experimental data. The future 
exploration of this area is a possibility the importance of which is 
suggested by thea preliminary observations made here on P118 metabolism. 
The value of such a research programme could be considerable since it 
may form the key to a comprehension of endogenous metabolism in 
methylobacteria, the nature of which remains unknown. It would be 
of interest to determine the extent to which turnover of materials 
such as WB might be involved in this phenomenon. Combined with 
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parallel investigations in other groups, say in the autotrophic area, 
this might well constitute the foundations of a fascinating and 
important field of study. 
The possibility of PHB metabolism playing a role in exospore 
formation in niethylobacteria has already been mentioned, and the 
possibility exists that the lipid cysts formed by certain methane 
utilisers are based on PuB. In view of the data and discussion 
presented here it is improbable that this could be an exclusive 
function of PHB Ø although it could be an important facet of the 
overall position of this material in methylobacterial metabolism. 
These comments may incidentally suggest the usefulness of a more 
definitive study of 'resting stage' formation in these organisms. 
Brief mention has also been made of the occurrence in methylobacteria 
of squalene or related compounds. The extraordinary quantities of 
such materials recorded suggest that whether its role is structural 
or metabolic, an elucidation of this role may divulge novel 
information usefully pertinent to the physiology of methane utilisation. 
A point which should not be overlooked is the reinforcement by the 
present work of the subdivision of the methylobacteria into types I 
and II. As regards the nature of ethane or indeed methane oxidation 
r 11, and related processes such as ether metabolism, no significant 
differences are apparent. In this respect we may note the extent to 
which convergent evolution of the two groups has been achieved. 
However, while an adequate study of PHB metabolism under various 
conditions has yet to be performed on a range of strains, the differences 
119. 
noted here between M. albus 8G8 and M. t1ichosDroium OB3B are 
undoubtedly significant in a comparison of type I and type II 
organisms respectively. The possession of apparatus for the 
formation of acetone from products of PHB breakdown is remarkable in 
any bacterial context, and its discovery in type II methylobacteria is 
therefore particularly striking. The interpretation of PHB metabolism 
as a process related to controlling elements in assimilatory metabolism 
is consistent with the observation that, while the original recognition 
of types I and II was based on structural considerations, the 
fundamental basis of the subdivision lies in differences in pathways 
of carbon assimilation. 
While the central theme of this report concerns the metabolism 
of ethane by methylobacteria, the interpretation of much of the data 
obtained has deviated somewhat from this original theme, This is by 
no means an unsatisfactory outcome, and may in fact demonstrate the 
benefits in approaching this particular field of study from a novel 
angle. This has proved particularly beneficial in bringing to light 
the phenomenon of acetone production, which presents many possibilities 
for future research, while speculation on relationships between the 
pathways of ethane and methane oxidation has proved to be a useful 
exercise. The superficial level at which certain parts of this 
investigation have been conducted is unfortunate, but inevitable 
under the circumstances. The areas which merit more extensive 
exploration in the immediate future have already been outlined, and 
it is to be hoped that the next few years will witness a timely 
development of research efforts in these directions. 
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